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SKXLAB REACTIVATION ^}isSION REPORT 


SECTION. 1 
MISSION SUMMARY 


1.-0 - INTRODUCTION 


On July. 11, 1979, .Skylab impacted the Earth surface. The debris 

the South Eastern Indian Ocean 
across . a sparsely populated section of Western Australia. This 
report discusses in same detail the. events leading to the 
reentry of Skylab together . with a final assessment of the Skylab 
debtis impact footprint. :.tl 


1.1 


Background 


On February 9, 1974, Skylab systems were configured for. a final 
and Skylab was deactivated. Prediction of solar 
ycle 21 activity , the solar cycle predicted to_ begin in. 1977, 
indicated that the final attitude in which Skyiab was left, the 

oeriod^o?^8‘^in"?M would result ..in a potential storage 

per rod of ^8 to 10 years.. However, m the fall of' 1977 it was 

etermined that Skylab had left the gravity gradient attitude 

and. was. experiencing an increased orbital decay’ rate. This was 
a result . of greater than , predicted solar activity at the 
egirining of solar cycle. 21. This -increased activity increased 

the vehicle. Skylab-was now p.redicted- to. 
reenter the Earth's atmosphere in late. 1978 or early 1979 unless- 
some.tbing was done to. reduce the drag, forces acting uoon it. It 
was necessary to make a decision to. either accept*^ an early 

Skyiab or to attempt to actively control 
i-Vt* lower drag attitude thereby extending its orbital. 

lifetime until a Shuttle miss.ion could effect a boost or deorbit 
maneuver with Skylab. ae.orDir 


In order to verify what options oould.be accomplished with the 

® small team of NASA engineers went to 
he Bermuda -Ground ~ Station to establish communications and 
interrogate Skylab systems. On March 6, 1978, the Airlock 

command and telemetry (TM) syetems were commanded 
on from the- Bermuda Ground Station. The reception o-f the AM. TM 
carr.iex_at_..Bermuda.was proof that, the- on-board .AM systems had 


raSCEDING pace sunk 


EfLMED 


responded to the commands. For the next several A»tra *.k- 

E“Es€"SS 

'‘™ '““‘“’5® «na ?ointinr5oni«l ly«eS »P?I? 

ATMDC^ai hard® <3ata indicted thS^?h^??^m«J 

=y=??;^?'" attend,nt.so£tware^were op.r,tlo„n‘"«S 

interrogation test^n skyUb. JesuUinS^S^a **“* 

o£®“«bi‘tii °* the.Skylab syeteL^dStlng itrS'yeaJa 

schemes which might extend the orbital-lifetime of Sknab? ^ 

i^'^®stigated was to use the on-board Thruster 

of Skylab. ^HoSeverf i? waf sLn° deJerSiSed "^that’^this® oSti^* 
would not extend Skylab lifjetime sufficiently to corresoond to 
the operational readiness of, the Space Shuttle for a oossibiA 
reboost or deorbit mission. ThI only aUe?natiJe left wf« in 

at??tJJf® fn^^order'?^^'^^ a miSfLn drlg 

Vector fEOw^ rn5n?m this the End On Velocity 

Saei^Sr"Sr?n^?L®? 

Janiary”2i^"?97r"whM F®’" .=°"trol orientatiM' intli 

solar Ler«ai!Ili)”o“eS«ro!;“^® ’'“® * '>‘9'' 


attiti^rt! of Skylab -in mid.-1978 in a low-drag 

attitude to minimize its rate of decay, it was decidod tn 

a?ohi®‘K‘® “'® o«-^n orbital reuieval systim ?h^? 

might be accommodated on an early flight of the Space ShuttiJ*^ 

o£“®oJS?Jt?®‘S^ chances of rendezvousing, with Skyl?b! Ih^rwi 
of orbital decay# however# continued to Increase due fn 

s?o^r®o? activity. Skylab's on-board sy«em“llso Showed 

it was decided to reorient and con*”o? thr^hlcle iS a «?« 
inertial attitude which was. the normal, vehicle orieStatlSn fJi 

ariginal Skylab mission operations. ___ orientation for 
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As Skylab's altitude- decreased, , the magnitude of the aerodynamiO 
torques on the vehicle incfeasedt Studies indicated that 
vehicle, control in the solar inertial orientation would no 
longer be possible below about 140. n.m. due to these increased 
aerodynamic torques and the limited control authority available . 
from the vehicle Control Moment Gyros (CMGs) . Aerodynamicists 
and control engineers at the. Marshall Space Plight Center 
(MSPC) , while investigating vehicle orientations which produced 
minimal disturbance torques on the vehicle, found certain 
orientations.' where the summation of these disturbance torques 
was zero. These . attitudes were called Torque Equilibrium 
Attitudes (TEA). On June. 20, 1979, with the vehicle at 

approximately 142 n.m., Skylab was reoriented and controlled to 
a high drag TEA attitude.. It. was controlled in this attitude 
until just prior to reentry on July 11, 1S79., when the vehicle 
was commanded to tumble in Order to reduce its drag and decrease 
the possibility of impacting high population density centers. 


1.2 Purpose 


The purpose of “this report is to review, the Skylab. Reactivation 
mission and associated Skylab Subsystem-Operations from the time 
it was decided to -interrogate Skylab Systems in March of 1978 
until impact July 11, 1979. 
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SECTION 2 


MISSION DESCRIPTION 


2.0 


INTRODUCTION 


This section contains a .description and summary of the most, 
sionificant events in the Skylab Reactivation Mission from the 
interrogation tests in March, 1978. until Skylab reentry on July, 
11 1979 It gives a brief description of: the operating modes, 
significait flight events . and Skylab attitude control 
maintenance considerations. 


2,1 OPERATING MODES 


The Skylab vehicle was maintained in. several different operating 
modes ^ during the Skylab.. Reactivation Mission. ^he 
Inertial (SI) mode had been a part of the first ATMDC 
program and was the major operating mode during the original 
Tislion When initial plans were made to extend the orbital 
lifetime of Skylab,. the End-On-Velocity-Vector (EOW) Mode, was 

developed because of its minimum drag characteristics. 

Dlans for a re.boost/deorbit. mission were abandoned, the Torque. 

Equilibrium Attitude (TEA) mode was. and 

vehicle as the orbit decayed toward reentry. Only the. SI and. 
TEA Modes were used for. control subsequent to January 25, 19.79. 

r brief dLcript ion ^ EOW, SI and TEA... c ontrol modes 

follows. 


2 . 1.1 


E n d-On-Velocity-Vector (EOW) Mode 


The EOW mode was a minimum drag attitude- with the relat.ively 
smfl surface areas of tha front or-ba.ck ends of Skylab being. 
Linted approximately along the velocity vector. This mode was 
r Soffi??fioi of4e Z Local, vertical (ZLV) mode (vehicle "Z 
Lifaionr the- local vextical) that was used during the original 
Skvlab Mission. In the. EOW mode, the vehicle, coordinate axes 
werf off f slightly from, the ZLV axes to align the vehicle 
principle axes with the ZLV axes.. The vehicle was then 
such, that - its solar arrays pointed toward the sun near, orbital 
noon for maximum power.- collection and attitude reference, 
updating."" Desaturation of CMG. momentum. was done wath g^avjty 
gradient torques and was continuously active around — th£„ . . Q . r .P. it . 


ereceding page blank not riLMES 


T>^«re were two subsets of the EOW mode, EOVV A and EOW B. . 
The BOW B mode can be thought of. as a backward EOW A mode, . 
The EOW A mode had the Skylab Command Mbdule docicing port 
pointed along the velocity vector while the EOW- B mode had the. 
aft end of the workshop pointed along the velocity vector* The 
EOW B mode was developed to prolong the life of CMC #2. by 
allowing maximum solar impingement on CMG #2 spin bearings for 
negative sun angles. For the same reason, EOW A was utilized 
when, the vehicle experiejiced. positive solar angles. _ 

The EOW mode was used in the first part of the Skylab. 
Reactivation Mission to reduce the vehicle rate of descent as 
much as possible. . It was hoped that the orbital life of Skylab 
could be extended until a reboost/deorbit mission could be 
launched by the. Space Shuttle. The effect of. the EO.W mode on 
the descent rate is illustrated by the altitude profile in 
Figure 2-1. There was a noticeable slowing down of the Skylab 
fall when .EOW was entered June 11, 197.8. It. was estimated that 
if Skylab had remained .in EOW that reentry could have been 
delayed until ..a.t least April of- 1980. 


2.1.2 - Solar Inertial Mode (SI) 


In the SI Mode (Figure 2-2)., the. Skylab solar arrays were 
maintained perpendicular to the sun during the. daylight portion 
of the orbit for maximum power collection. During the night 
portion of the orbit., momemtum desaturation maneuvers were 
performed . to decrease any undesired accumulation of CMG 
momentum.. This mode had been used extensively and was the major 
operating mode of the original S.kylab mission. The SI Mode was. 
a minimum . maintenance mode of. “ operation with very little 
commanding required under normal conditions. Late in the 
reactivation mission SI maintenance increased due. to large, 
aerodynamic .torques encountered .a.t the lower altitudes. 


The SI Mode was used ..after Januar.y 25, 1979, primarily as a low 
maintenance holding pattern mode- for vehicle control while 
preparations were made for entering the TEA control mode. 


The atmospheric drag on the vehicle .in the SI Mode, changed aa 
the vehicle., revolved around the orbit from. minimum drag at 
orbital noon and midnight to maximum drag at the sunset/sunrise 
terminators. This placed the. average drag on the vehicle 
approximately midway between minimum and maximum. The effect of_ 
this drag can be. seen in the altitude profile of Figure 2-1. A 
noticeable increase in the descent rate was-observed when_thc SI 
Mode was entered on January 25, 1979. 
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FIGURE 2-1 SKYLAB ALTITUDpiSTORYFROMMARCH, 1978TOMAY 1979 
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FIGURE 2-2 SOLAR INERTIAL ORjEMI^ATION 


2.1.3 


Torque Equilibrium Attitude (TEA) 


TEA Control was a mode in which gravity gradient torques, 
counterbalanced aerodynamic- torques. This was the 
that could maintain , attitude control below altitudes of about 
140. n.m. There were many TEA control attitudes that were 
identified for the Skylab vehicle but only a few were useable 
because of solar power coU.ect.ion constraints. " 

also existed only over certain ranges of altitudes so that 
prISedures fon acquiring a particular TEA attitude had to_ 
consider the vehicle altitude and predicted rates of descent as,, 
well as total vehicle power^generating capability in the 
selected attitude. 

There were two TEA attitudes that were available for. control 
during the final days of the reactivation . . °f® 

T121P (Figure 2-3) in which_the .longitudinal axis of the vehicle 
was nearly perpendicular to the orbital plane resulting in a 
high aerodynamic drag on the vehicle. This was the TEA attitude 

that was actually used from June 20, ^5%'^®’^Jhe^othe^- 

tumbled just prior to reentry on July 11, 1979. The 
attitude available was T275 (Figure 2-4) which was similar to an 
EOW attitude (the long axis of the vehicle lying ^ 

velocity vector) and had a. low aerodynamic drag... If ne.cessatp 
it was planned to shift . the reentr.y orbit of Skylab by 
maneuvering from. the T121P to the T275. attitude thus, decreasing 
the drag on the vehicle and shifting the predicted Skylab 

reentry point to a later orbit. — 

The TEA Mode was a modification of the or iginal. Skylab ^ axis 
(ATM solar viewing axis) along the local vertical. (^LV) j^de. 
The TEA Mode was activated by first commanding an 
maneuver to. the. desired TEA attitude. If an exact TEA attitude 
was not obtained, the vehicle would experience small 
and gravity gradient torques.. The momentum state- of the CMC s . 
would gradually approach saturation as the CMG's generated 
torques to .keep, the vehicle in control while under, the influence 
of these external disturbance torques. Skylab computer logic- 
sensing this-unbalanced torque environment would command the 
vehicle to. a different attitude from that predicted bped on its 
update of a revised torque, equilibrium attitude.. CMG 
desaturation was accomplished by maneuvering tho v.ehicle to an 
attitude near the newly estimated torque equilibrium position 
such that the external torque field acted on the vehi-cle in a 
manner to desaturate the CMG‘s moving them away fr.om _their 
momentum. saturation limit. The desaturation maneuvers were 
computed every 300 seconds using a 3 by 3 *’"®triK (referred ta as 
the. SLOPE MATRIX) which, related momentum errors to attitude 
errors, about the TEA .attitude . 
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FIGURE 2-4 TEA (275) AND (12DG TORQUE EQUILIBRIUM ATTITUDE 





Since T121P was a near maximum drag attitude and because the 
atmosphere was rapidly becoming more dense > the Skylab descent 
cate increased significantly after TEA acquisition on June. 20,. 
1979. This is shown in Figure 2-5 by the altitude, profile for 
the later part of the reactivation mission. 


2.2 SIGNIFICANT FLIGHT EVENTS 


The significant Skylab flight events are listed in Table 2-1. 
The initial entry in this table, the March interrogation test on 
March 11, 1978, is. considered the beginning of the Skylab- 
Reactivation Mission and the. last event, Skylab reentry on July 
11,. 1979 is the end of the mission. These events are also shown 
on Figure 2-6 'which illustrate, the time spent in each, of the. 
various operating modes during the Skylab Reactivation Mission 
lifetime. 


2,2.1 . March Interrogation Test 


In March, 1978 a team of NASA , engineers went to the STDN ground 
station at. Bermuda with the_ intent of establishing the 
operational status of Skylab systems and, additionally, 
obtaining data which could help, determine the vehicle attitude 
motion.. The STDN ground stations command uplink capability, 
having been changed since the primary mission, was no longer 
directly compatible with the - Skylab command decoder. A., 
work-around was. developed whereby a limited number of 
predetermined Sk.ylab commands were pre-assembled and only these 
commands were, available for uplink to Skylab. This, command 
capability limitation remained throughout the Skylab, 
Reactivation Mission. 


On March 6, 1978 at 21:50 GMT, communication with the Skylab 
Airlock Module (AM), command and telemetry systems was 
reestablished. After 2.5 minutes of operation, a loss of'signal 
was observed which was later attributed to the vehicle rotating 
its transmitting antenna out of the line of sight of the ground 
station. Upon acquiring the. signal the second time, a loss of 
modulation on the AM telemetry downlink had occurred. Eetween 
March 6 -and March 10, trouble-shooting tasks on the. AM telemetry 
system were successfully performed and chargin g of the AM 
batteries waa_initiated. 


12 



Table 2-1. Significant Flight Events of the Skylab Reactivation Mission 


DATE 

EVENT 

March lit 1978 

Initial ATMDC Interrogation 

May 31, 1978 

«p« patch implemented (FF80 buffers 1-3) 

June 1-5, 1978 

«Q« patch implemented (FF81 buffers 1-8) 

June 9 , 1978 — 

Initial solar inertial acquisition 

June 11, 1978 

Initial EOW acquisition 

June 11, 1978 

FF81 buffer 9 implemented . 

June 26, 1978 

FF81 buffer 10 implemented 

June 28, 1978 

Retreat to solar inertial 

July 6, 1978 

Second EOW acquisition 

July 9, 1978 

Loss .of attitude reference . 

July 19-20, 1978 

SI acquisition from unknown attitude 

July 24, 1978 

FF81 buffer lOA implemented 

July 25, 1978 

Third EOW acquisition. 

August 12, 1978 .. 

FF81 buffer 11 implemented 

September 8, 1978 _ 

FF81 buffer 12 implemented 

September 11 , 1978 

FF81 buffer 13 implemented 

September 20 , 1978 

FF81 buffer 14 implemented 

November 3, 1978 

FF81 buffer 15 implemented 

November 4t_1978 

EOW A to EOW B acquisition 

December 3, 1978 

FE51 buffer 16 implemented q 

December 19 , 1978 

Decision made to_discontinue Skylab 


reboost/deorbit plans 

January, 25, 1979 

EOW B.to SI. acquisition 

January 30, 1979 

FF 81 buffer 17 implemented 

May 19-20, 1979 

TEA Control Patch implemented (FF81 buffers .18,r22) 

June 20, 1979 

TEA Control Acquisition from SI 

June 22,^1979 

FF81 Buffer 23 implemented 

June 24, 1979 

TEA Control Reacquisition 

July 11, 1979 

Reentry _ 

.... - 


14 



Ainr Oi 91. H3UVIIII WOUi SJOOIW OWIlVMldO xnvxv 8V1AMS 



FIGURE 2-6 SKYLABATMDC OPERATION MODES FROM MARCH, 1978TOJULY. 1979 



An operational configuration of the AM command, telemetry and . 
electrical power systems was established for the AM by March 10, 
1978. Either an electrical short in an AM TM measurement group 
or a failure in the -24 volt side of DC-DC Converter #1 caused, 
the loss of AM TM modulation. AM TM modulation was established 
using DC-DC Converter #2. 

On March 11, 1978 at 20:.34 GMT power was -transferred from the AM 
power system to the. ATM power system. The ATM command and 
telemetry systems were successfully commanded on. at 20:35 GMT 
thereby establishing a two-way communication link between the- 
ground station and the ATM systems. The stage was now set to 
interrogate the operational status of the Skylab APCS. 

At 20:36 GMT on March 11, 1978, power was transferred to the 
APCS bus and the receipt of ATMDC TM data at Bermuda confirmed 
that the ATMDC was cycling. ATMDC.- TM data indicated that the. 
ATMDC and WCIU internal temperatures at power on as measured by 
thermistors were -15. 9* C and -26.2*C, respectively.. Power was 
maintained on. the APCS bus for approximately 5 minates and no 
anomalies were observed. Subseguent. analysis of the ATMDC TM 
data indicated the following: 


1) . Both acquisition sun..,sensots operational 

2) Rate gyro Y2 failed 

3) Rate gyros XI and X2_saturated (0>1.0 deg/sec) 

4) Rate gyros yi,Zl,.Z2 operational .. 

5) ATMDC. flight software parameters, discrete inputs 
(DI's) and discrete outputs. (DO ' s) were as_. expected. 


ATMDC data indicated 5 of the 6 "six-pack” rate gyros were. 
operational. The satur.ated- XI,. X2 rate gyros confirmed earlier, 
predictions that the vehicle was spinning about the X axis 
greater than 1 degree/second (1.7 deg/sec predicted). — 

Insufficient power and ground station coverage did not permit 
proper warm up of. the CMG bearings therefore the CMG system was 
not interrogated. The TACS system was not excercised-because of 
the limited supply of nitrogen gas and the deslxe not to perturb 
the attitude motion of Skylab which was becoming somewhat- 
predictable. In summary, the Skylab-_AECS_ appeared to be 
operational. 

On March 13, 1978 at 20:19 GMT, Skylab. systems were configured 
for shut-down with the objective o.f reestablishing 
communications with Skylab at a later date. The.-interrogation 
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tests had been highly successful and the operational 
. onrboard systems exceeded all expectations. 


status of 


2 . 2 .. 2 


Initial Attitude Control Acquisition 


On June 9, 1^78, .attitude control of Skylab was acquired for the 
first time since Skylab had been powered down in February, 1974, 

events that occurred prior, to and 
during this attitude control acquisitioa. 


2 . 2 . 2.1 


Preparation 


Between March and June of 1978, the primary ATMDC onboard Skvlab 
was periodically turned on to monitor the APCS rate gyros to 
detecmine the vehicle rates. The X axis (roll) rate gyro input 
was saturated which indicated that Skylab's roll rate Sas 

greater than one degree per. second. NORAD determined that the X 
perpendicular to the orbital plane inclining about 
3.. degrees. By^ monitor ing the battery charging cycles, it was 

determined that the roll rate was approximately 1.2 degrees per 

NO^S‘^data'^and ^ axes rates (pitch and yaw) together with 

NO^D data and battery charging measurements -showed that the 

wobble about, the X axis . 
indicating a conical motion, see Figure 2-7.. Usinq this. 

Skylab! ® .plan . was developed to obtain control of 'thel 

accomplished was to change 

fliahf ba.tteries. This was accomplished by NASA.. 

^ period of’ weeks. Alter charging the 

batteries, the ATMDC was powered on in_late May, 1978. and the 
primary ATMDC flight program was modified by uplinking ele.ven" 
11) memory load buffets using the Skylab DCS. The. f??st thr« 
(3) buffers updated the flight program from FP50 to PF80 and the 
remaining eight (8) buffers implemented the new 

ATMDc””wlJh‘^^fhI'^®pSmV maneuver' capability. Updating the 

ATMDC with the EOW logic was completed on Jun® 5, 1978 On 

war^®,^n‘'^h“°K‘^ were iutied o^ ?S 

ft ^ 107 ^ bearing in preparation for CMC wheel spia-up on.. 
June 8/1978. Prior to turning on the CMGs, they were caqed 

th^vehicle torque experienced during soin-up would, slow 
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ORBIT NORMAL 



VEHICLE MOTION PRIOR TO SKYLAB REACTIVATION 



rate and thereby reduce the TAGS impulse required for. attitude- 
control acquisition. After approximately 11 hours, the CMGs were 
up to the nominal spin rate of'8800 rpm. 


Prior to solar inertial acquisition^ the ATMDC flight program 
was configured as follows; 


1) Software switchover, was inhibited 

2) Rate gyros 1 & 3 were selected for control in each axis 
with RG redundancy management inhibited 

3) YREF- redundancy management was inhibited ... 

4) CMG redundancy management, was inhibited 

5) . Sjun sensor averaging .was enabled 

6) Sun_sensor redundancy management was inhibited 

7) Computer timing for navigation was selected 


Everything was now. ready for acquiring attitude control of. . 
Skylab. All pertinent commands issued to the_APCS system during 
the initial attitude control aoquisition phase of the 
reactivation mission are shown in Table _2,~2.. These oommands 
cover the. period starting from the initial preparation on May 
30, 1978- until after EOW was determined to be performing, 
correctly and TAGS control was inhibited, on -June 14, 1978. . 


2.,2.2.2 Solar Inertial Acquisition 


The target date for the initial solar inertial acquisition was 
selected to be one day prior to when the sun angle relative to. 
the orbit -plane (beta angle) passed through zero degrees. The 
procedure that was developed called for the. EOW acquisition to 
take place the day following SI acquisition. Prom a. control 
standpoint, a zero beta angle was desirable because this, was 
when the 2LV attitude was nearly aligned with the EOW attitude. 
This enabled EOW to be initiated with a minimum of commanding 
and maneuvering thereby, simplify xng the procedure.- The sun 
passed, through zero, beta approximately once every three to four 
weeks, see Figure 2^8. The June 10 date was considered the 
earliest zero beta day for all preparations to be complete. 
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The stage was therefore set to capture the vehicle on June 0, 
1978. A total of 19 station passes using Bermuda. Madrid and 
Goldstone stations — the Only stations configured for Skylab 
systems were scheduled to occur -over a period of approximately 
16 hours and eleven Skylab orbits, see Figure 2-9. On the first 
pass the primary computer: was powered on at 4:09:15 GMT' and a 
navigation update was issued at 4:12:.30 GMT.. This navigation 
update had an error of 15- seconds in the time of midnigh.t 
because the computer ..had been powered up 15 seconds later than 
scheduled. This error had negligible effect on the . performance 
of —the vehicle and was considered insignificant.. 

On the second orbit of June 9, TAGS control was enabled and 
vehicle data was. monitored for a suitable opportunity to command 
solar inertial acquisition. When the. ACQSS readings and 
electrical power measurements showed that the Skylab solar 
panels were near perpendicular to the sun, the strapdown 
reference was initialized to (0,0, 0,1) and the solar inertial 
mode was commanded. These commands, issued at 5:46 GMT, pla.ced 

the vehicle. under TAGS control and stopped the .vehicle rotation 

rates. 
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Tf?bl* 2-2 


TIME 


SITE’ 

PASS 

COMMAND 

(May 30, 

1978) 




150; -Ll:- 

05: 05 

BDA 

152 

Turn on X axis rack rate 
9y?ps 

15l0: 12; 

05; 19 

6DA 

152 

Turn on_y axis rack rate 
gyros- 

150; 12; 

08; 27 

BDA 

152 

Select RG 1 and 3 for X 
axis 

150; 12; 

08; 57 

BDA 

152. 

Inhibit X axis RGRM... 

150: 12; 

09; 26 

BDA . 

152 

Select RG 1 and 3 for Y 
axis . - 

150.;, 12; 

09: 49, 

BDA 

152 

Inhibit Y axis_RGRM 

150; 12;. 

10.; 25 

BDA. 

152 

Reset alert discrete 
outputs 

150; 12; 

11; 05. 

BDA 

152 

Reset caution and 
warning discrete outputs 

1.50: 13; 

41: . 28 

BDA 

154 .. 

Turn, on Z. axis rack rate 
gyros 

150; 13j_.,4.3..l_J.5 

BDA 

154 

Select RG 1 and 3 for _Z 
axis. 

150; 13: 

46; 18 

BDA 

JL54 

Inhibit 5L,axis RGRM 

150: 13: 

54 27. 

MAD 

155 

Select -Standby, APCS mode 

150; 13; 

54: .39 

MAD 

155 

Set TAGS thrust = 70 
newtons. 

150; 13: 

56; 38 

M.AD 

.155 

_ Set TAGS pulse ..width. *- 
320. ms -. . 

150; 13; 

57; 3L_. 

MAD 

155 

Inhibit X axis SSRM 

L5.0.t. .13..; 

.58: 29 

MAD 

155 

Inhibit._Y axis SSRM 


TIME 

SITE... 

PASS 

COMMAND 


150: 13: 59: 22 

MAD 

155 . 

Select ACQ.S.S #2-.fjor .sun. 
presence 

(May . 31, .1978) . 

151: 09: 42; 34 

MAD 

16.0 

Implement "P" patch., 
ba£fer 1 _ 


15Lt. 11; 23: 3.2 _ 

MAD 

162 

Implement ."P" patch, 
buffer 2 . 


151: 15:. 59: 45 

BDA 

165.5 

Implement "P" patch, 

buffer 3 


(June 1, 1978) 

152: 03: _i3: 00 

MAD 

1.70 

Implement FF.81 buffer 

1 

152: 06: 44:. 2B 

BDA 

, -173 

Implement...FF81 buffer 

2 

152:. 13: 21;. 27 

BDA ._ 

175 

Implement FF81 buffer. 

3 

152: 15: 10; 55 

MAD 

177 

Implement FF81 buffer 

4 

152: 19: 48: 59 

BDA 

179 

- -Implement EF81. buffer 

5 

(June 2, .1978) 

153: 07:. 22: 08 

BDA 

184 

—.Implement .FF.81 buffer 

6 

153: 14: 12: .49 
(June 5,. 1978) 

MAD 

186 

Implement FF81 buffer 

7 

156: 22: 13: 02 

. GDS. 

19.4 

Implement FF81 buffer 

8 

(June. 6,„. 1978) . 

15.7: .10.:. 19j 37 

MAD 

196 

Turn on.XMG .bearingt 
heaters 


(June 1, 1978) 

158: 04; 35; 36 

MAD 

~ 208 

Turn on. CMGIA .heaters 


158: .06:. 06: 27. 

MAD 

209 

T1 patch loaded 
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TIME 

SITE 

PASS 

COMMAND 

158{ 06: 07: 56 

MAD 

2J05L.. _ 

Tel^metor memoiry lo^d 




buffer — 

158: 06: 09: 42 

MAD . 

209 

T2 patch .loaded . 

158: 06: .10: 56 

MAD 

209 

Telemeter memary load, 
buffer 

(June 8, 1978) 




159: 11:. 24: 04 

BDA 

- 234 

Begin spinning up CMGs . 

15i-:- 11: 27: 58 

BDA 

,234 

Set gimbal rate limit = 
1 degree/second 

159: .11: 34: 00 

MAD 

235 . 

CMC cage 

(June 9, 1978) _ 

.. 



160: 04: 09: 15 

MAD 

247 

Primar.y computer turned 
on _ 

160: 04: 12: 3,0. 

MAD _ 

......247. 

Navigation update 

160: 04: 12;. 52 

MAD 

247 

Set maneuver time = 0 

160:. 05: 45; 11 

MAD_ 

248 

Enable TAGS 

160:. 05: 45; 49 

MAD 

248 

Select rate gyro 1 and 
in Z axis 

160.: 05: 46: 02 

MAD 

248 

Inhibit Z axis rate gyr^ 
redundancy management 

160: 05: 46: 15 

MAD 

248 

Initialize strapdown, 
selec.t solar inertial 
mode (Begin vehicle sp.i 
down ) 

160; .07: 14:. 55 

BDA 

248.5 

Set maneuver time =-4 
minutes . 

Le0.: 07,: 1,5:. .4.4.. 

BDA 

248.5 

Select attitude hold, 
TACS mode 
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TIME 


SITE 


PASS 


COMMAND. 


160: 

07: 

25: 

01 

MAD 

249 . 

160: 

0.7: 

25: 

54 

MAD 

249 

160: 

07: 

. 27: 

-08 

. MAD 

249 

L60: 

07: 

29: 

23 

MAD 

249 

160: 

08: 

46: 

28 

BDA .. 

250 

160: 

0.8: 

46 : 

47 

BDA. 

250 

160 

0.a..: 

50: 

23 

BDA 

250 

160: 

08: 

52: 

39 

BDA 

250 

160: 

08: 

54: 

L0 

BDA 

250 - 

160: 

.0.9: 

00 : 

14 

. MAD 

251 

L60: 

09: 

.01: 

32 

MAD 

251 

160: 

09: 

04.: 

10 

MAD 

251 

160: 

0.9: 

05: . 

12 

MAD 

251 


Coinmand attitude 
maneuv.er'; X -30- , Y = 
0 f Z =0 (Begin X axis 
maneuver ) 

Select attitude hold 
TAGS made (Complete X 
axis maneuvjer) 

Command attitude 
maneuver: X = 0 , Y = 

20 , Z = 0 (Y axis 

maneuver ) 

Select attitude hold 
TAGS mode 

Command attitude 
maneuver 4 X = 0 , Y. = 

14 , Z = 0 

Set maneuver time = 0 

Initialize strapdown, 
command solar inertial 
(Y axis maneuver 
complete). 

Implement T2 patch 
(start rate only control 
in Z axis) 

Set TAGS pulse width = 

120 ms 

Load T1 patch into 
memory load buffet 

Telemeter memory load 
buffer 

Display sum check 
constant on single 
memory location display 

Initialize strapdown 
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TTMR 




SITE 

PASS 

COMMAND 

160: 

.10: 

25: 

,14 

- BDA . 

252 . 

Initialize str.apdovm 

160: 

10: 

25: 

50 

BDA 

252 — 

Set maneuver , time = 6J3. 
minutes 

160: 

10: 

10: 

07 

BDA„ 

252 

Initialize atrapdovn 

160: 

104 

42: 

03 

MAD 

.253 

Initialize strapdown 

160: 

11: 

49: 

43 

GDS 

254 

Initialize strapdown 

160: 

11: 

50: 

18 

GDS 

254 

Implement _T1 patch (End 
rate only control in Z. 
axis - 

16J; 

11: 

51: 

24 

GDS . 

. 254 .. 

Display maneuver time 

160: 

JLU 

.51: 

54 

GDS 

254 

• Set. TAGS pulse .width = 
320 ms 

160: 

11: 

_52 : 

26 

GDS 

254 

CMG cage 

160: 

11: 

53: 

L5.. 

GDS 

254 

CMG cage , 

L60: 

11: 

55: 

45 

GDS . 

254 

Select attitude hold 
TAGS .mode . 

160: 

11: 

56: 

05 

GDS 

254 

Gommand attitude 
mane.uver : X » 0 Y = 0 

, Z = 180 

160: 

12:. 

12: 

30 

MAD 

256 

Update GMG- luomemtum 
bias: X .= 16% 3H, Y .= 

0% 3H,„Z = 6% 3H 

160: 

13: 

25: 

. 57 . 

GDS 

251 

5et maneuver time = 0 

160: 

13: 

27: 

04 

GDS. 

257 

Initialize strapdown 

160.: 

13: 

27: 

18 

GDS 

257 

Select solar inertial 
mode. 

160: 

13: 

-33: 

. 25. 

GDS 

25.7........ 

Enable GMG control 

160: 

134 

33: 

55 

GDS 

257 

Enable gravity .gradient- 
dump 


25 


TIME 

SITE 

PASS 

COMMAND 

160: 13: 38; 43 

BDA 

iia. 

Set maneuver time = 9 
minutes 

160: 16: 41: 40 

GDS . 

261 

Computer auta enable 
command (CMG #3 turned 
off by spur ious-x;ommand) 

160: 16: 47; 33 

GDS— 

261 

Enable-CMG control 

160:. .16:. 56: 26 

_BDA 

26 2. 

CMG #2 on, RM inhibited 

160; 16: 56: 50 

BDA 

262 - 

CMG 43. on, RM inhibited 

160; 16: 57:. .37 

BDA 

262 

CMG #1 VREF,. RM — 
inhibited 

160: 16; 5.8; 08. 

BDA . 

262 

Enable CMG control 

160; 18;. 17: 05 

GDS 

263 . 

CMG 43. servo amp on. 

160; 18: .17: 38 

GDS 

263. 

CMG #3 control enabled 

160; 19; 54; 29 

GDS 

264 

Set CMG gimbal rate . 
limit =- 2, deg/sec 

(June-10. 1978} 




161: 03; 11; 41- 

MAD 

,265 

Reset caution and 

wa r n i ng_ „d i s c r e te._ou t pu t 

161; 03; 12;. 07 

MAD 

265 

Reset alert discrete... 
output 

161:. 04: 48; 04 

MAD 

266 

Set' CMG .gimbal rate 
limit = 1 degree, per. 
second 

161: 09; 26: 59 

BDA 

268 

Navigation. update 

(June, 11, 1978). 




162; 03: 51: 33 

MAD 

278. 

Naviga.tion upd,ate 

162: 03: 52; 15 

MAD 

278. 

Set maneuver, time = 28 

minutes 

162: 06: 48.:_...21 

BDA 

280 

Inhibit CMG control 
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TIME 



SITE 

PASS 

COMMAND 

162: 

06: 

48: 48 

BDA 

280. 

Select 2LV.mode 

162: 

06: 

50: 42 

.BDA 

280 . 

. ...jComniand maneuver bias 
(12.2 , y » 10.7 , Z » 
1.0 ) 

162: 

.06: 

51: 24 

BDA _ - 

280 

CMG cag.e . 

162: 

06: 

53:. 30 

BDA 

280 

Set K,<Z “ 0 (inhibit Z 
axis strapdown update) 

162: 

06: 

54: 49 

BDA 

280 

Enable X and Y axis EOW 
strapdown update 

162: 

06: 

55: 47 

BDA 

280 

Set maneuver time =.10 
minutes 

162: 

07; 

06: 10 

MAD 

281 

Display SNBRSSP (Past 
value of the root sum. 
square of the Acq. SS 
outputs) , 

162J 

08: 

27.: 22 

BDA. 

282 

Enable CMG control 

162: 

08: 

27: 52__ 

BDA 

282-_ 

Enter. EOW 

162: 

11; 

34i_ 59 

GDS 

286 

Set = 12 degrees 

162: 

11: 

52: 24 

MAD 

. 288 

Select ACQ SS #2 in Y . 

162: 

11-: 

53: 29 

MAD 

288 

Inhibit Y .axis ACQ SS RM 

162; 

13: 

06: 48 

GDS . 

289 

Load buffer 9 into 
memory load buffer . 

162: 

13: 

10: 07 

GDS 

289 

Telemeter .memory load 

buffer 

162: 

14: 

44:. 51 

GDS . 

291 - 

Implement buffer 9 

162: 

14: 

4.6: 45 

GDS 

291 

Select ACQ. SS. #1 and #2 
fo.r. Y axis 

162: 

.14: 

47: 15 

GDS. 

_ 291 

Inhibit Y. axis ACQ SS RM 

162: 

15: 

01: 07 

BDA 

292 

Set K/i<Z = .1. (Enable Z 

axis update) 
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TIME 

SITE- 

PASS 

• COMMAND 

162: 17: 57: 58- 

CDS . 

295 - 

Display ?\y 

162: 19:.- 35: 37 

GDS 

296 

Inhibit TAGS. 




(Juae 12,. 1978) 




163 : . 02 : , 54 : 10 

MAD 

297 

- Navigation, update 

163: 12: 09: 28 ... 

GDS 

308 

Display interrupt- enable 
mask 

163: 13; ,46: 53 

GDS 

310 

Enable TAGS control 

163.; 13: ,4.7; 36 . 

GDS 

310. 

Y rate gyro #1 bias. = -2 
IsbVs - 

163: 13: 48.: 18 

GDS 

310 

Y rate gyro #3 .bias = -2 
Isb ' s . 

163: 13; 5J7; 07 

BDA 

311 

Load interrupt inhibit - 
restore patch 

163: . 13: 58: ,27 

BDA. 

311 

Telemeter .memory load 
buffer 

163.; 18: 35: 02 

GDS 

31.5 

Y rate gyro #1 bias. = +2 
Isb's . 

163; 18.: 35:. _4_4 

GDS 

315 

Y rate gyro #3 bias = +2 
Isb ' s . 

163: 18: 36: 24 

GDS 

315 

Inplement interrupt 
inhibit patch 

163: 18: 37: 32 

GDS 

315 

Set e^^ =2.5 

163: 18: ,38: 34 

GDS 

31.5 

Display 

CJune 13, 1978.) . 




164: 03 : 26: 39 

MAD 

317 

Display interrupt enable 
mask . 

164: 034 29; 19L._ 

MAD 

- 317 

Set A-td- = 150-..5 seconds . 

164: 03: 31: 29 

MAD 

317 

...Load interrupt inhibit 


restore patch - 
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Time 

SITE 

PASS .. 

COMMAND 

164: 03: 33: 05 

MAD 

317. 

Telemetry memar.y load 
buffer 

164: 05: 03: 19 

MAD 

318 

Implement interrupt 
inhibit restore patch 

164: 05-: -03:_45 

MAD 

318. 

Display Ka^Z 

164: 05: 05: 14 

MAD 

318 

Set maneuver .. -time- = 5 
minutes 

164: 08:.. 05:. 27 

BDA 

321 

Set Ka<Z * .2 

164 14 1 25: 08 

GDS 

330_ 

Setr_ ecb“"»05-H 

164: 14: 25: 40 

GDS 

330 

,15. radians 

164: 14: 26: 20. 

GDS 

330 

Ae = .24609 .H 

“ Tua. 

164: 14: 2.7: 09 _ 

. GDS . 

330 , 

T^ym = .15 radians 

164: 14: 27: 36 _ 
(June 14., 1978).. 

GDS . 

3.30_ _ 

Kl^Z = 1.9/ 

165: 07: 07: 00 

BDA 

338. 

Inhibit TAGS, control 
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ORBITAI. 

MIDNIGHT 


ORIGINAL PAGE IS 
OP POOR QUALITY 


ORBITAL 

NOON 


ORCITAL 

MIONIQHT 




END RATE ONLY 
1 AXIS CONTROI.1 


START IBO” Z AXIS 
^AXIS CONTROL 

3 . n^BOA l2S6 MAI 







Pir-IIPF 7-Q 5TAT10M nnVFRARFfOR INITIAL SOLAR INERTIAL ACQUISITION ON ji 




Si "“3i“ 

ScFLr" oUtifir^nf !?„:,^? ?-‘f 0% J - o-ir 

ilcl'*' on?y"® =%n“ro?“‘1f ^^'>9* «»en^pe?auS/?i 

a?titSde“«rorf “ polarity and tSerahy !lLrMsfilh2 

inihaTaxI?^^%^|S|e^a"r‘?e^^ 

KI«‘grbecaL ?fss‘?Ln*‘^0. °»hen°°tSe"'y“"Jils '"'* 

position was 0. degress in X and -S dig^IIs. in i!’ ' ® 

^Hest^r-rt^ri??!? s~f^ar^?:‘"es‘5jb?i^- 

position. At 7-25 gmt a _^a ^ estaoiish the X axis 

liSiirssiri-iiH 

degree maneuver was comtnanded... J.ust before LOS occ^r^d 4 -h! 

f or ^hfnext 'at J?">”onding the attitude hold TACs'mode! 
ror tn© n©xt sta.tion occurr.©d# it «?ppn f’hai- v 

commsnd^^ initialized and the SI mode, was commanded. This 

command, which occurred at 8:50 gmt oanera/^ +.K/^ ...."i inis 

lock on the sun and with ?L ACQ SS • s nor!^t^ei °Une^rranol" 
strapdown correction was. now assured. . linear range, . 


The next step was to establish the Z axis 

i’^Pleroenting a specia 
patch (labeled the T2 patch) to. change the 
« Z ax^s. These gains were set so that- 
a rate only" type of Controls This 
gradient torques acting on the vehicle 
the orbital plane. However, it 
vehicle to fall either focward_or backwa 


attitude reference.. 
1 ATMDC flight program. 
TAGS control gains in 
the. z axis would be in. 
allowed, the gravity 
to cause the X axis to 
was possible for the 
rd, depending upon its 


X axis orientation with respect to the orbit plane. This meant 
that if the vehicle fell in a direction other than that desired, 
the positive X axis would be 180 degrees '^way from the desire 
orientation. . 

&♦> ft .52 CMT . the T2 patch was implemented and the gravity 

to?qi..‘began pu?ling the X exle the orbuel 

niane Shottlv afterwards, it could be seen that the x axis was 

leiuiq iS the w?ong di«etion end thet e 180 degree maneuver 
wiSld bl TegSlred after the end of the tate only 
control. The strapdown reference was te-initiallsed 
while the vehicle fell to. keep the 0 axis attitude 
l“« sStn! By 11.50 got! the X axis was sufficiently near the. 
orbital plane to end tate only control.. This was done by 

restoring^the TAGS control, gains to their orig.inal values with 
the Tl patch.. At 11:55. GMT, the 180 degree Jiianeuver in Z was 
commanded. At the completion of this maneuver, the vehicle was 
at the solar inertial .attitude. 

The next step was to enable CMG control and gravity gradient. 

dump of the CMG momentum. To ensure, a ®^®CMG 

the. CMGs were caged to_.nominal momentum Rrior. to enabling 
control. By caging the CMGs during, the. 180 degree Z .axis 
maneuver, the caging was accomplished with a 

usaae. The CMG momentum biases were uplinked at 13.33. ^t, 

CMG^control and GG dump was enabled. The first GG 
during the following orbital night period.. This completed the_ 
first phase, of. the. -initial ..attitude, control acquisition. The 
vehicle was in the ..solar., inertial . attitude . wxth GG dump 

p.er.forming properly. 


2 . 2 . 2. 3 


CMG #3 Servo Off Command 


When the Goldstone station was acquired at 16:41 GMT, all 
systems were nominal... Prior to this pass,, it had been 
to invoke, the mission rule (Reference 2) which, allows computer... 
switchover -to be enabled while operating in the solar inertial 
mode At 16:42 GMT, the command to enable auto computer . 
sSi?chove^wa^ transmitted to . the vehic^ The. octal code for. 
this command was a 30077. Because of a 
selector. #3# it issued an additional cormnand which was 
the hardware .(an octal code 30057). and commanded CMG #3. servo 

power off. 

With CMG #3 servo power off, its gimbal angle 
frozen and the CMG could no.t be used for control. Because CMG 
redundancy management was inhibited, the flight Ptogram could 
CCt detect that CMG #3 had no_control capability. This resulted 
f llrg" attitude ettot in the. X exie and when.thts ettot 
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reached 20 degrees, the flight program switched to TAGS only 
control. 


While this was happening, the flight data was being analyzed to 
determine exactly what had gone wrong. When the flight program 
switched to TAGS only control the first time, it was not known 
then that GMG .#3 servo, power was off. Therefore, GMG control 
was quickly re-enabled. Immediately, the JK axis, attitude, 
increased again to 20 degrees and the flight program switched 
again to. TAGS only control. By this time it had been discovered 
that the servo power was off.. It was hoped that the servo power 
could be restored by issuing the following DGS commands to the 
flight program;.. GMG #2 on with redundancy management inhibited, 

GMG #3 on with redundancy management inhibited and GMG #1 VREP 
selected- with redundancy management inhibited. . These commands, 
were issued and GMG control was re-enabled. These commands 
failed to produce the desired results because a previous, 
spurious command from switch selector #3 had inhibited the 
capability of._ the computer subsystem to. activate power to the 
GMG subsystem. (i.e. GMG Auto Shutdown Enable/Inhibit Gommand) . 

The X axis attitude error again increased to 20 degrees causing., 
a third switch, to TAGS only control. By this time LOS. of the 
station occurred and the next. sta.tijon acquisition, was not 
scheduled until over an hour later at .18 ; 17 GMT. 

It should be noted.that a considerable-amount of TAGS fuel is 
used, whenever the control system. switches to. TAGS only control 
due to a 20 degree, attitude, error . The flight program TAGS 
control law -tries to remove this 20 degree error as. quickly as 
possible. This is much more costly from a TAGS standpoint than 
maneuvering 20 degrees over some defined maneuver time.. It was. 
estimated that .approximately 100.0 Ibf-sec of TAGS was used each 
time the system switched to.JTAGS only. 

Figure 2-10 shows the TAGS usage for the. Skylab Reactivation 
mission. A large part of the 9.5.69 IbfTnec.. that was used during 
June- 9-11, 197.8 was expended following the three switches to 
TAGS only control. The program switched to ...TAGS only contro.l 
one other time during .the reactivation mission and this occurred., 
on July 19, 1978. On July 24 a program, patch was implemented . 
(FF81 buffer 1J3A) which, prevented any further automatic switch 
to TAGS .only control. 

While the Skylab vehicle was out af site coverage between 16:59 
and 18:17.. GMT, the problem with GMG #3 was throughly analyzed. — 
A plan was developed to bring the GMG back, on line and to 
re-establish GMG control. At 18:17 jGMT. commands, were- issued- 
which turned GMG #3 servo power back on and reenabled GMG 
control. These commands performed as expected and GMG control 
of the vehicle, was. regained, 
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FIGURE 2-^0 TAGS USAGE DURING THE SKYLAB REACTIVATION MISSION 


2^2.3 


initial EOVV Acquis it l6n and Maint6nan 66 . 


The date to • entei? the EOVV control mode had been originally 
schedu3 'd tot June 10, 1978 beoause the sun angle was near zero 
degree oh this day. Because of the problems with CMC #3 it was 
deoid j to postpone the acquisition until June 11, The 
bet' angle had increased to 5 degrees on June 11 but this would 
*■ little effect on .eOvv acquisition. . 

The station passes that, wete available- on June 11 were similar. 
to those on June 9, see -f’igure 2-11 , Twenty s.tation passes, were 
scheduled covering almost 16 hours and 11 Sk-ylab orbits. 


2,2, 3.1. Initial BOW Entry 


The.. entry into EOVV was a two step function. First, an offset. 
ZLV maneuver would be commanded to place. Skylab into a near EOW 
attitude. . Second, the select. EOVV attitude command would be 
issued to_ initiate the EOW mode.. 

At 6:49 GMT on June 11, 1978,. the select. ZLV mode - command 
followed immediately by the of fset. ZLV .bias commands was sent 
via the Bermuda tracking site to Skylab. Skylab,. under control 
of the-ATMDC flight program, began maneuvering to the- commanded 
attitude. At 6:51 GMT the CMGs were Caged so. that the EOVV mode 
would be entered with a satisfactory momentum state. Next 
orbit, when. Skylab came back in range of Bermuda, at 3:24 GMT, 
Skylab was in the pxoper attitude to enter, the EOW mode. The 
CMG control mode was then, enabled- and the select EOW- mode 
command was sent to Skylab at 8:28 GMT. After the EOW attitude 
was acquired, a dramatic change occurred . in. the orbit deca.y rate 
as shown in -Figure 2.-L, 



FIGURE 2-11 STATION COVERAGEFOREOVVACQUISITION ON JUNE 11, 1978 



2.2. 3. ri 


I nitial Parametec Tune Up 


Aft6r enteiincj EOVV., Several parameteca w6r^ expected to. need- 
adjustment to Keep the EOW control logic within Certain -bounds. 
The l;irst measurement, that wos monitored was. strapdown update^ 
Earlv in EOW operation, b.y observing, a variable (SNBRSSP.) using 
the. sing.le word display feature ot the flight- program, it was 
observed that the strapdowh update was occurring prematurely. 
SNBRSSP. is a multipurpose variable that waS designed to be used 
both as a fla.g, indicating when strapdown update had occurred, 
and- aS a computed .variable, SNBRSSP ■- Root Sum Square of 4 ^^ 
and-ife.jj (RSS) • 

SNBRSSP was initia.lized to its. maximum value (+180. deg.) when 
sun presence discrete was off and when, the sun presence 
discrete came on again. the value of . RSS. was checked against . 
degrees. If it were less than 5.7 degrees, then SNBRSSP was set 
equal to RSS-. RSS would continue to be stored into SNBRSSP as 

long.,.,as it was smaller than -SNBRSSP. . When RSS became greater 
than SNBRSSP, the strapdown update was executed. According to 
the. acquisition sun sensor specification, 6.0 degrees was the 
top of the linear region for the acquisition sun sensor (ACQ SS) 
and subsequent ACQ SS readings- would be smaller until the Y axis 
swept across or near the sun. disc at which time strapdown update 
should occur. Due to ACQ SS #1 reading lower than expected, RSS 
waa , less than 5.. 7 degrees when the sun presence discrete came 
on.. Thus the strapdown update occurred- immediately even though 
the sun angle was approximately 9 degrees. This error caused 
the strapdown to be in error by about 3 degrees. To solve this 
problem, a program patch to change the test limit to 5 degrees 
instead of 5.7 degrees was generated, verified, .and implemented 
in the primary ATMDC 'within a span of 4.5 hours. 

After solving the problem with strapdown update, the rate gyro, 
integrals were monitored and it was determiaed that a scale 

factor error was showing up in all three axes. To compensate 

for the errors, it was decided to use the updatable 

compensation terms rather than patch the flight program to 
scale f-actor updates, on all. gyros. This seemed to be an 
acceptable plan since the scale factor errors were small and the 
rate change between Y and Z was. slow. The rate gyro drift 
compensation- was determined in the X and Y axis by 
quaLrnion elements QVll and QV12 just prior to the strapdown 
update. The Z axis compensation was determined by the value 


2 . 2 . 3 1 3 SOW Maint e nance 


While the rate gyro Gorap(^nsations. were 

updated, EOW performance was also being o^^is 

several hours of EOW control., it was, observed. that the Z axis 
Itltrni was continuing to be limited, by the fUght 

n?Saram ^Several more hours of monitoring found the same 
conditions to exist and it appeared as though EOW ^®^® 

be aborted by returning to SI to regain control Sow 

usina the gravity gradient dump routine* Severa 
oacameters were changed to allow the CMG’s to dump, more Z^iaxis 
SomeStSr anl t?? to stay . In. EOW. The parameters that were 
changed are listed below: 

Kf<Z from ,1 to .2 
fcom 0 to (1..5 H 
77, L from .1 to .15 radians 
Oft-., from .17 to .2.4609 H 
from...l to aS radians 
from. 2. 85/ to 1.9/ . 

Following these, data changes, EOW control performance improved 
signif icantly and the .decision to return to SI, was cancelled. . 

During the early EOW monitoxing experience, it became evident 
thai the availability of the elements of the strapdown update 

auJLrnion ( A Q) would, help detect the. need for updating the 
?ate gyro biases and some of the EOVV ??®’^®^Jhis 

SWCR ^4001 was generated and patch buffer. A 0 

change allowed -the flight program to save, and telemeter the A Q 

quaternion. 


2.2.4 


EOW RETREAT TO SI 


After operating in, the-EOW control mode, for approximately 17 

fays Sk?!af ifs tstornsd to tho. °\T.l 

28, 1978 because of momentum management problems in EOW. Large 

momentum errors and Z ”*"ae if enabirScs 

at 179:09u23 GMT and the decision was made to enable TAGS 

control to assist the CMC control system. After one orb,it, 10W 

lb-sec of TAGS impulse had been. used withou.t resulting in 

significantly improved CHG momentum 

dpcision was made to return to. the solar inertial attitude.^ an 
additional 192 Ibf-sec of TAGS impulse was required to achieve, 
steady state solar inertial, operations... A 

command history during this period is summarized in Table 2 3. 
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The initial supposition of the problem was that the CMGs had 
encountered gtmbal stop problems which activated . the CMG outer, 
girabal drive logic in the flight program to . reposition the CMG 
gimbals.. This action would generate attitude errors which in . 
turn could corrupt the desired system momentum state. However, - 
subseguent investigations revealed that the postulated CMG 
gimbal stop problem was more likely an effect rather than the 
Cause and that the strapdown reference error .about the sunline 
was more likely the origin, of the momentum management problem. 
It is more .probable that, strapdown reference errors introduced 
control errors which resulted in abnormal momen.tum states which 
then could lead to CMG gimbal stop encounters.. Following is a 
brief ex planatio n Of_l..„the - strapdown errors that led to this 
prablem. . 
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Table 2-*3. Pertinent APCS Commands.for the Retreat to SI on June 28, 197.8. 


TIME (GMT) 

SITE 

PASS 

COMMAND 

(June 28, 1978) 




179:06: 19: 54 

BDA 

477 

Set Z1 rate gyro bias_= -3 lab’s 

179: 06: 21: 00 

BDA 

477 

Set Z3 rate gyro bias = -3 Isb's 

179: 07: 45: 38 

GDS . 

478 

Update TAGS thrust = 44 newtons 

179: 09: 23: 17 

CDS 

480 

Enable TAGS. Control _ 

179: 11: 01:.26 

GDS - 

481 

Set maneuver time = 45 minutes 

179: 11:03: 20 

GDS 

481 

Select solar inertial mode 

179:12:37:40 

GDS 

482 

Update CMG momentum bias 

179: 12:38:11 

GDS 

482__ 

Set Y1 rate gyro bias = 0 

179: 12: 38: 48 

GDS 

482 

Set Y3 rate-gyro bias.? 0 

179: 19: 49: 40 

MAD 

482.1 

Set Z1 rate gyro bias = 0 

179: 19:50: 20 

MADl_ 

482.1 

Set Z3 rate gyro bias = 0 

179: 19: 51: 10 

MADL _ 

482.1 

Reset caution and warning discrete 
outputs 

179: 19:51:40 

MAD 

482.1 

Reset alert-discrete outputs 

180: 00: 39: 44 

MAD . 

482.6 

Inhibit TAGS control 


r 


4 ] 



The EOW strapdown reference update scheme maintained an 

Sun"" Lof u.ing%hr‘a"c“iJI?tiSS 

sensor to update these axes once per orbit Th«a 7 avie 
strapdown reference, was also updated once per orbit basid uSon 

bE" 1 b-lhb Er—b 

rsss tS\e‘r«nu*ir s?*- j“E:s 

SSmSSSsate fS? th»« bias compensation was being uJSd ?S. 

orbft ,l\t fS tSS ? aSdTSxSSf"''"^ apportionment of 

.i^eference maintained , onboard Skylab was hv 
definition relative to the orbit plane and. the position of fho 

th?c5 respect to the orbit plane.. The onboard software used 

in which^'^thr EOVr'^co^tro?^ local vertical reference system" 
XII wnicn cne eow control equations were, defined. Sinoo fh® 

sun both move relative to a true geocentric 
inertial reference, the onboard strapdown reference definition 

capability "S?"rSS!l siSapK 

sbisi" cSusSs^rssss ei^ssfocc^Ss 

axtrsZ. ";?is lll'lilltly 

sSaStSaMtccisSiSg” -?isi rIS 

led to a large Z. axis strapdown reference error . 

After 
term 


this „ effect was well un^^ ^ strapdown update bias 

compeJitI 'fo^"bbr1-Sxi^=ahk “S^a 


2.2..S 


Second EOW Acquisition From SI 


Juli V 197 S^^o^fl??o attitude between June- 28 and 

® to allow time to understand the problems that had 
been encountered in EOW and to allow the beta Lgle to decrease 

easier to control. On July 6, 
was maneuvered baek to the EOW mode. The pertinent 

APCa commands tor there procedure are shown in TablH-I and 
Station coverage__is shown in Figure 2-12. 
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Table 2.4 Pertinent APCS Commands. for the Second JEOW Acquisition 




TIME (GMT) 


(July 5. 1B78) 
186:20:44:30 . 

186: 20:j46: 25 

186:20:47: 30 
186:20:48: 25 
186:23:.49:29 _ 
186: 23: 51: 16 
I (July 6, 1978) 
187: 00: 14: 00 
187: 00: 14: IT.™. 

187: 00:15:19 .. 
187: 01:23:29 

187: 01: 24:.22 
187i01; 24; 55 . 
187:01:26: 38 

187: 01: 27; 05 

187: 01: 27: 25 

187: 01i27: 46_ 

187: 01:28: 08 

187: 01: 36: 30 
187:01:36:49 
187: 01: 37: 07 . 
187: 01: 37: 16 



PASS 


MAD 

MAD 

MAD 

GDS 


BDA. 

BDA 

BDA 

BDA 


530. 

530 

533.1 

533.1 


535 

535.1 

535.1 
535.1 - 
535.1 

535.1 

5J5.1 

535.1 

535.1 

535.2 
535.2 
535.2 
535.2 


COMMAND 


Set nyn^ r .l-redian — 

Set . ** •-^9^ 

Set K-Hjj « 2.85 /tt 
S et maneuver, time = 30 minutes. 
Inhibit gravity gradient dump 
Enable TAGS 


Select ZLV mode 
Command Maneuver bias 
(X = 45.7, Y » 6.5, Z = -2.6) 

Set maneuver time = 10 minutes 
Command maneuver bias. _ 

(X =0®, Y.= 0®, Z = 0®). 

Inhibit CMG control 
Begin CMG cag^g . 

RG drift compensation, 

Y1 = 3 Isb’s 

RG drift compensation , 

Y3 = 3 Isb’s. 

RF drift com pensati on, 

Z1 = -2 isb’s 

RG drift compensation, 

Z3.= -2 Isb’s . 

RG drift compensation, 

Z2 =. -2 Isb’s . 

Enable CMG control 
Inhibit TAGS control 
Enter EOW. 

Command maneuver bias 

(X = 12.2®, Y = 10.7®, Z = 1.0®) 





rable 2.4 Pertinent APCS Commands for the Second EOW Acquisition (Continued) 


COMMAND 


Enable TACS control 
SetK^Z 7.2 
Set7jyni?= .15.radians 
Set Kt}z = 1 .9/,7r 
Set e^j^2 “ *24609 
Inhibit TACS - 
Set e^jj = 2.8242 

®rb * 

RG drift compensation, „ 

Yl = 21sb's . 

RG drift compensation, 

Y3 = 2 1sb’s 

RG drift compensation , 

Z1 = -3 Isb's 

RG drift compensation, 

Z2.= -3 Isb'E 
RG drift compensation, 

Z3 = -3 Isb’s 

RCL drift- compensation , 

Z1 = -4 Isb's _ 

RG drift.compensatipn , 

Z2 = M Isb's 

RG drift compensation, 

Z3 = -41sb's 

Set e.^ - 2 . 5 
tn 

Set e. = 2 .4 
tn 

Sete^^M 


TIME (GMT) 

SITE 

PASS 

18t: 01: 37: 34 

BDA . 

535.2 

187:03:14:08 . 

BDA. 

535.5 

487:. 04: 51: 03 

BDA 

535.7 . - 

187^04: 52: 24 

BDA . 

535.7 

187: 04:,53: 31 . 

BDA. 

535.7 

187: 07: 51: 46 

GDS -. 

535.91 

187:09:29:59 

GDS . 

535.92. 

187:09: 31:22: 

GDS . 

535.92 

187: 21: 21: 42 

BDA 

540 

187: 21: 22: 41 - 

BDA 

540 

187:21:23:41 

BDA 

540 

187:21:24:38 

BDA 

540 . 

187: 21: 25: 35 

BDA 

. 54Q. 

(July 7, 1978) 



183: 05:26: 34 

BDA 

543.9 

188: 05: 27: 31 

BDA . 

543.9 

188: 05: 28: 29 

BDA 

543.9 

188: 05: 29: 44 

BDA 

543.9 

188:15:51:55 

BDA. 

544 

188: 1.7: 23: 12 

MAD 

545 _ 






STATION ACQUISITION PERIODS FOR SKYLAB 



F1GURE2-12 STATION COVERAGEFOREOVV ACQUISITION ON JULY 6, 1978 


Skylab was first maneuvered to an offset .ZLV attituded usino a 

tninutes. ThS9e-o6mn,ands were Issued a? 
aa'i! ^ and the commanded attitude was attained at 

00:44 GMT. Then at 1:23 GMT the Skylab. was Commanded to make a 
10 minute maneuver of zero degree attitude change. This was 
done so that the CMGs could be Caged while Skylab was performing 

conttol modc under TAGS control, which is a' 
minimum TAGS usage cage procedure. At 1;.25 GMT, the cmg 
command was issued. . ^ 


after the. caging operation had been completed, 
control was inhibited and Skylab was commanded.. into the 
control mode. Eighteen, seconds later, the EOW biases 
? control was reenabled. TAGS control had 

inhibited to prevent TAGS usage until the flight program 
the. correct EOW biases. The total amount of TAGS 
ror EOW acquisition including the ZLV maneu.ver and the GMG 
was. 4-75 Ibf-eec. 


TAGS 

EOW 

were 

been 

had. 

used 

cage 
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2 . 2.6 


Loss of Attitude Refecenoe 


On July 9, 1978 Skylab, was. operating in the EOW Mode with all 
systems functioning normally. This was the situation observed . 
over the Madrid tracking station at 17:00 GMT.. However, at the 
20:12 GMT pass over Madrid,, contact with Skylab was lost. It . 
was determined that the ATM batteries had all automatically 
tripped 9t low voltage . causing loss of vehicle attitude 
reference and control. Skylab had previously been placed in a 
new power configuration. with the AM batteries not on line, due to 
two unexplained battery charger failures in that system. The. 
ATM power system and AM solar arrays were not sufficient to 
carry the load in the EOW mode, cauaing the ATM batteries to 
automatically, trip off. 

Contact with Skylab on subsequent passes was established through 
the AM and initial recovery operations using the CMGs spinning 
at partial speed were unsuccessful. After the. unsuccessful 
recovery attempt, a slow roll about the X axis (2.5-rolls/orbit) 
was induced on Skylab to obtain sun on_the solar arrays while 
plans could be formulated to reacquire attitude control . of. 
Skylab. In a favorable solar environment, the integrity of the 
electrical power system (EPS) could be restored and made ready _ 
for reacquisition. 


2-2.7 SI Acquisition From Unknown Attitude 


On July 19 and 20, 1978 control of the Skylab vehicle was 

regained by acquiring the solar inertial mode from an unknown- 
attitude. This section describes the. events which supported 
this reacquisition of attitude control. The pertinent APCS. 
commands issued during^ this time period are shown in Table 2-5. 


2. 2. 7.1, Preparatio n 


On July 11, Skylab was in a random attitude with CMGs stopped _. 
and little illumination of the solar arrays... Telemetry showed 
that vehicle. angular rates were small. On July 13, the vehicle 
was rolling approximately two. revolutions per hour and was.. 
getting sufficient power for the ATM battery charging. On July 
17, the Skylab roll rate was .23 minutes per roll (approximately 
four revolutions per orbit) . Charging of the Electrical Power 
System Batteries was initiated. By July. 18, the batteries 
were sufficiently charged to spin up the CMGs. At 23:50 GMT, 
July 18, the CMGs were caged and spin. up was. initiated. On July 
19, CMG spin up was near complete and ail systems were ready for 
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soUt inertial acquisition. The station passes that were 

nSure 1 13 ° “>e solar inertial acquisition are-shown in 

Nineteen station passes. -were scheduled to__covec -14- 
l^io^cs_and 10 orbits of operations, 


Table 2-5. Pertinent APCS Commands for the SI Acquisition From Unkiu>wn Attitude 



SITE 

PASS 

COMMAND 

(July 18. 1978) 




199: 12:57: 00 


645- ■ 

Inhibit CMG Control 

199: 12; 58: 03 

MAD 

645 

Enable TACS Control 

199:23:49:32 

CDS 

CDS 

659- . 

CMG 2 Wheel On - . 

199: 23: 49: 44 
(July 19 . 1978) 

659- 

CMG 3 Wheel On 

200: 13: 34: 35 

MAD 

665 

Set maneuver time equal to zero 

200: 16: 34: 33 

BDA 

668 

Cage CMGs 

200:18:22:28. 

MAD 

672 

Initialize strapdown 

200: 18:22:40 

MAD 

67.2 

Initialize strapdown . 

200:18:22:50 

MAD 

672 

Initialize etrapdown 

200: 18: 23: 11 

MAD 

672 

Select solar inertiaLmode 

200:18: 23: 42 

MAD 

672 

Enable CMG control 

200: 18:27:28 

MAD 

672 - 

Select attitude hold CMG mode 

200: 19: 33:-29 __ 

CDS 

673 

Select solar inertial mode 

200: 19: 56U9 

MAD 

675 . 

Maneuver time = .60 minutes 

200: 19:57: 04. 

MAD 

675 

Select attitude hold CMG mode 

200:10^58^00 

MAD 

675 

Command attitude. maneuver 
(X - 0°, Y = 0®, Z =-179®) 

200: 19:59:26 

MAD 

675 

Reset caution and warning discrete 
outputs 

200 : 20 : 00: 12 

MAD 

675 

Reset alert discrete eutput 

200:21:11:31 .. 

GDS _ _ 

676 

Set maneuver time = 0 . 

200:21:11: 55 

CDS 

676 

Initialize strapdown 

200t.21:12: 13 

GDS 

676 

Select solar.inertialjnode . 

200:21:12:38 

GDS 

676 

Set maneuver -time = 60 minutes 

200: 21:26: 04 

BDA . 

677 

Navigation update 

200:21:26:37 

BDA -- 

677 

Select attitude hold CMG 

200:21:28:26 . 

BDA 

677 

Command attitude maneuver 
(Y = 0®, Y = 0®,.Z = -20®) - 

200:21:28: 52. 

BDA 

677 

Display single memory location: . 49 

0096 






T«bl« 2-6. JfCS Commands for tho SI Acquisition From Unknown Attttud* 


TIME (GMT) 

SITE 

PASS 

COMMAND 

200: 22: 49: 22 

CDS . 

678 

Set maneuver time s. 0 

200:22:49:38 

CDS 

678 

Initialize ^trapdown 

200: 22: 49: 54. 

CDS . 

678 

Select solar inertial .. 

200: 22: 50:28 

CDS 

678. 

Enable gravity gradient dump 

200:22:51:01 .. 
(July 20. 1978) 

GDS- 

678 

Enable auto CMG-reset 

201:00:28:51 

GDS ... 

680- . 

Enable CMG control 

201: 00: 41: 49 

BDA 

681 

Select, attitude hold CMG mode 

201: 02:03:10 

GDS 

682 

Set CMG gimbal rate limit = 
2 degrees/second 

201:02:03:32 

GDS . 

682 

Set maneuver time = 0 . 

201:02:03:52 

GDS . 

682 

Select solar inertial mode 

201:02:04:37 

GDS 

682 

Inhibit TAGS control 

201:02:05:37 

GDS 

682.. 

Enable X axis RGRM 

201:02:06:03 

GDS 

682 

Enable Y axis RGRM 

201: 02: 06: 24 

GDS 

682 

Enable Z axis RGRM . 

201:02:06:46 

GDS 

682 

Reset caution and warning 
discrete output. 

201:03:40:45 

GDS 

683 

Enable' TAGS control 

201:03:41:03 

GDS 

683 

CMG Nominal H Cage 

201:03:44:12 

GDS 

683 

Inhibit TAGS control 

201:14:08136 

MAD 

687 . 

Set gimbal rate limit = . 
1 degree/second 
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ORBITAi 


ORBITAL 



FIGURE 2-13. STATION COVERAGE FOR SOWR INERTIAL ACQUISITION ON 
JULY 19 AND 20, 1978 


2 , 2 . 7.2 


Solar Inectial Acquisition 


At 13:35 GMT, July 19,. (pass 665) the Skylab- maneuver time was 
set- to zero in pr^p.aration. for. solar inertial acquisition. The 
ACQ SS and power system data was then -monitored for an . 
opportunity to initiate SI acquisition. This- data would 
indicate when the solar panels were in the field of view of the 
sun at which time the SI mode would be -commanded. However, 
since the vehicle was rotating about once per 23 minutes and the - 
average station pass was only 8 minutes long, it could be 
several . orbits before the solar pa nels would be pointing toward . 
the sun. over a station pass. . 

In order to Conserve power during CMG sp.in up. the ATMDC 

computer was turned off .just prior to the. last station LOS of 
each orbit. This allowed the CMGs to drift off the caged 

position, which af fected-the vehicle spin rate and. also resulted 
in a bad momentum state. At 16:35 GMT, the CMGs were re.caged 
and the. ATMDC remained powered up until just prior to reentry on 
July. 11, 1979. 

In the eighth . orbit of July 19, three s.tation passes were 
scheduled. AOS- of. the first pass occurred at 17:59. GMT and LOS 
of the last pass, was at 18:28. This gave 29 minutes of almost 
continuous coverage except for" shot t gaps between passes. It 
was almost certain that the vehicle could be captured during 
these passes. . 

At 18:22. GMT the sun was inside the linear region of the ACQ SS 
and the strapdown reference was initialized. As the sun 
approached zero degtees the strapdown reference was initialized 
two. more times. Then at 18:23 GMT, just after the sun passed 
thr.ough zero degrees in the X axis, the solar inertial mode was 
selected, and CMG control was enabled.. By using TACS, the 
vehicle rates were diminished to zero causing the X and Y axes 
to "lock" onto the sun. At 18:27, just prior to LOS, the 
attitude -hold CMG mode was selected to freeze the vehicle.. 
attitude. (see page 54.) 

The position of the X axis with respect to the orbital plane 
could be estimated by analyzing the CMG momentum changes over an 
orbit while the- vehicle was held in an inertial attitude. After 
AOS occurred-on the ninth orbit, the momentum data indicated 
that, the X axis, was approximately 180 degrees away from the 

desired orientation. At 19:58 GMT a -179 degree. maneuver about 

Z was commanded. ... 

During the next orbit, further analysis of the momentum data 
indicated that_an additional -20 degree, maneuver was needed in. 
the Z axis... This maneuver was commanded at 21:28 GMT. Later, 
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maneuver was unnecessary and that the X axis was actually at 
the desired attitude prior to the maneuver. This additional -20 
degrees was partly responsible for. "the momentum problems 
discussed in the -following. se_ct ion. 

At 22:50 GMT, the solar inertial mode was reselected and gravity 
gradient dump was enabled. The CMG momentum appeared to be in 
reasonable condition and, to save TAGS fuel, it was decided 
not to command a CMG cage. The solar inertial acquisition 
maneuvers nominally when LOS occurred at 23:08 GMT, The solar 
inertial acquisition maneuvers were almost complete. If all ~ 
went well, all that remained was to monitor the momentum dump 
for a few orbits and acquire EOW the next day. As it turned 
out, however, some unexpected events occurred prior to the next 
AOS. 


2. 2. 7. 3 CMG Momentum Problems 


When AOS occurred at 00:25 GMT on July 20, the. flight 
controllers and system engineers were expecting to see a 
nominally operating Sk.ylab, Instead, the flight program, had 
executed an automatic switch to TAGS only control and the TAGS 
system had used 272 MIB firings and 138 full-:on ' firings for ^ a 
total of - approximately 2000 Ibf-sec of TAGS fuel.- At that time.. 
there was no way to have known what had happened so_. the most . 
reasonable action to take was- to reenable the~CMGs and select, 
the attitude hold CMG mode while the problem was being analyzed. .. 
There were only, two more station passes remaining until the_ 
Skylab would be out of station coverage for more than seven 
hours, so an explanation of what happened and a solution to, — the 
problem-needed to be formulated quickly. 

The exact cause of the switch to TAGS only control was still not. 
known by the next AOS. However, the Skylab would have to be. 
returned to the SI mode with the dump. operating if control was. 
to be maintained through the. seven hour period. in which there . 
was.no ground station coverage. The - SI mode was therefore, 
reselected at 2:04 GMT. The gimbal angle rate limit (f,,) was 
increased to 2 degrees per. second ..in order to give the CMGs more 
control capability. TAGS control. was then inhibited to prevent 
another automatic-Switch to TAGS only control.. It was resolved 
that a rate gyro, failure could have produced the observed 
results and therefore, rate gyro redundancy management (RGRM) 
was enabled in all three axes. 

The Skylab. was operating satisfactory when the Goldstone station 
(pass 683) was acquired at 3:38 GMT. This was the last pass for. 
over seven hours and the ''MGs were caged to. give them _the best 
chance to remain in ^.gatrpl over this .peripdj,. TAG S was 
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saved. When the Madrid station. (pass 684) was acquired at 10:54 
GMT^ all systems were nominal. Also, by this timer the cause of 
the problem had been discovered. 

The automatic switch to TAGS. only control occurred just after, 
the start of the first GG dump when the X axis attitude error 
reached 20 degrees. The large attitude error. was caused by a. 
phenomena that is referred to as the X-axis momentum siphoning 
effect. This phenomena had occurred twice during the regular 
Skylab mission and is described in Section 2, 3.2.4 of Reference 
1. The X-axis momentum siphoning of July 19, 1978 was brought 
about by the accumulative effects of three conditions prior to 
the first dump. First, the Z .axis, reference was approximately 
20 degrees in error, which caused more than usual momentum to 
accumulate. Second, a single sample, dump was being executed 
which does not compensate for the presence of a momentum ramp - 

component. Third, the CMGs had not been caged prior to the. dump. 

and thejrefore -.were not in the best, possible momentum state. 

A. simulation was made on the AS-Ii simulator: with all flight . 
parameters identical to those of'~the Skylab vehicle just prior 
to the dump. The simulation results revealed what had happened ._ 
after Skylab lost the. Bermuda station (pass #679) at 23:08 GMT, 
Figure 2-14 shows the total momentum and the X axis momentum, 
attitude error and rate. . Because of the X axis momentum . 
siphoning, the X attitude error began to increase and when it 
reached 20 degrees the flight program, switched to TAGS only 
control. Further simulations showed that if this switch to TAGS- 
only had been inhibited, the vehicle would not have lost control. 
and the X axis attitude error wjould_have been driven back to 
zero before the dump was_aomplete. 

At this point it was decided to delay the BOW. acquisition aad . 
to modify the flight program to. prevent any further automatic 
switch to TAGS only control,. This requirement was then 
specified by. SWGR -#40.02 and F.F81 buffer 10A was... programmed to_ 
incorporate the. requirement. At 16:12 GMT on July 24.,. buffer 
10A was implemented into the flight program. 


2.2.8 . Third EOW ACugisition From SI 


The. third EOW acquisition fjrom solar inertial was very similar 
to the. second EOW acquisition. (See Section 2. 2. .5). This 
maneuver was made on July 25, one day following the— 
implementation of buffer 10A. The pertinent APGS commands- 
issued to support the third EOW acquisition are shown in. Table 
2 - 6 . 
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Table 2r6 . Pertinent APCS Commands for the .Third EOW Acquisition From SI. 


TIME (GMT) 

SITE 

PASS 

(July 24, 1978) 



205:11:46:45 

MAD 

764 

205: 13:C7:22 

BDA 

765 

205: 13: 08:14. 

EDA 

765 

205: 13: 09: 16 

BDA _ 

765 

205: 13: 10: 16 

BDA 

765 

205: 16: 11: 36 

CDS . 

769 

(July 25, 1978) 



206: 09:11: 02 

MAD 

783 

206: 10: 42: 56 

MAD. 

784 

206: 12:07:32 . 

BDA 

785 

206: 12: 08: 24 

BDA 

785 

206: 12: 10: 11 

BDA„ 

785 

206: 12: 10: 27 

BDA 

00 

206: 13:43:25 

BDA 

78JZ-_ 

206: 13:43:49 

BDA 

787 

206: 13:44:08 

BDA 

787 

206: 13:45: 12 

BDA . 

787 . 

206: 13: 48: 11 

BDA . 

787 . 

206: 13:57: 07 

MAD 

788 

206: 13:57: 22 

MAD 

788 .... _ 

206: 13: 59: 12 

MAD 

788 

206: 14: 00: 20 . 

MAD - 

788 

206:15:21:28 

BDA 

790. 

206: 15:34: 59 

MAD 

791 

206: 15:36:57 

MAD- 

791 


COMMAND 


Uplink FF81 buffer lOA 
Set = . 1 radian 

Set K.(i 2 ~ 0 

Set Ae„, « - .16406 


Implement buffer lOA 

Navigation update 

Set maneuver time = 10 minutes 

Inhibit gravity gradient dump 

Enable TACS control 

Select ZLV mode. 

Command maneuver hies 
(X=29.8, Yi=9.9, Z=4.2) 

Command maneuver bias 

(X = 0°, y = 0°, Z = 0°) . 

Inhibit CMC control 

CMC cage 

CMC cage . 

Enable CMC control 

Inhibit TACS control 
Select EOW 

Command maneuver bias 
(X =^12.2°, Y = 10.7®, Z r L®) 

Enable TACS control 
Set 1^^2 “ 

Single memory display, location 0096 
Inhibit. TACS control _ 
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Analysis of Skylab data obtained during EOVV operation up to 
this time showed a relationship between the occurrence of CMG 2 
anomalies, the sun angle, and the operating temperature of CMG 
2. This data indicated that the stress conditions on CMG 2 

could be avoided or reduced by providing a higher -operating 

temperature environment for CMG 2.. The EOVV A orientation 
provided more solar exposure for CMG 2 at positive sun angles 
while an EOVV B orientation would provide_more -solar exposure at 
negative, sun. angles (Figure 2-15)^ 

The transition maneuver was scheduled for. early November 1978 to 
coincide with the upcoming positive-to-negative change in sun- 
angle (i.e. , sun angle movement from North to Soutn of the orbit- 
plane). A modification to. the flight software had to be. 
developed (SWCR-S4016, buffer. 15) and was implemented to account, 
for computational differences associated with the. EOW A and 
EOVV B orientations and' to. automate maneuver sequencing to 
support the transition maneuvers. 

The transition maneuver sequence was developed and. simulated, 
based on available, station coverage (Figure 2-1.6) to minimize 
TACS utilization and to provide favorable .conditions for. 
initiation of EOW B operations. 

Normal, and contingency procedures to support the transition 
maneuver, were developed and executed from 11/2/78 through 
11/4/78 with the transition maneuver taking place on 11/4./7A as 
the sun angle passed through zero. It should be noted that the 
design and simulation effort enabled the maneuver, plan to be _ 
executed for no TAGS usage, saving this limited resource . for 

future operat-io.ns. Table 2-7 summarizes the pertinent APC S 

commands for the EOW. A to_EOW B maneuver. 

Sk.ylab remained in.the EOVV B attitude from November 4, 1978 .. 
until January 25, 1979.. Ouring this. time all Skylab systems . 
functioned satisfactorily. 

One software modification was required during,.EOW. B operation 
(SWCR-S4019, buffer - 16). Its purpose was to insure, that all- 
EOW momentum sample-data was utilized in the orbital Z-axis 
momentum prediction computations. Different sequencing in EOVV 
B operations caused some samples to be ignored. Buffer 16 was 
implemented on December 3, 1978. . 

The sun angle did swing back positive around the mid-point of 
the EOVV B operation period (see Figure 2-8). However, its 
magnitude (*v27 degrees) and duration. (~20 days) were, not 
sufficient enough for the EOVV A. orientation to significantly 
increase the CMG 2 thermal environment o-ver that obtainable by 
remaining in the EOVV B. orientation; and. therefore did not 
warrant a temporary transition back to the EOW A orientation. 


ORBITAL 

NORTH 



REAR END FOR EOVV A 




VEHICLE ROLLED UF 
FOR POSITIVE /? TO 
POINT ARRAYS TO SUN 
AROUND ORBIT NOON 


EOVV A-ATTITUDE FOR POSITIVE SUN ANGLE ) 


ORIGINAL MSS IS... 
OE POOR QSAiW 


ORBITAL 

NORTH 


MDA. END FOR EOVV-B 



VEHICLE ROLLED DOWN 
FOR NEGATIVE P TO 
POINT ARRAYS TO SUN 
AROUND ORBIT JMOON 


2^ AXIS 


CMQ NO. 2 (DARKENED AREA) 


EOVV B ATTITUDE FOR NEGATIVE SUN ANGLE {/J ) 
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FIGUREiilS EOVVA/BJ^ELMIONSHIPKLCMGNO. 2 








MANEUVER SEQUENCE TO GO FROM 
EOW A (FLY FORWARD) TO EOW B 
(FLY BACKWARD) 



RE 2-16 pw A TO EOW B MANEUVER 
. SEQUENCE 



Table 2« V . - Pertinent APCS Commands for the EOW A-to.EOW B Maneuver 


TIME (GMT) 

SITE 

PASS 

COMMAND 

(November 2 . 

1978) 



306: 14: 24: 42 

ACN 

2182 

Implement excessive interrupt patch 

306: 17: 44: 37 

MAD 

2184 

CMC momentum bias 

306: 17: 4S: 21 

MAD 

2184- 

Enable gravity gradient dump 

306: 17:47:08 

MAD 

2184 

Display commanded maneuvering time 

306: 19: 22: 00 

MAD_ 

2185.1 

Set maneuver time » 46ji)inutcs 

306: 19:23:37 

MAD 

2185.1 

Set. TAGS firing limit * 20 MIBs . 

306: 19: 25: 14 

MAD 

2185.1 . 

Display EOW B flag (loc: OICE) 

306: 20: 45: 15 

BDA 

2186 

Load FF81 Buffer 15 

306: 22: 26: 10 

BDA 

2187 

Navigation update 

(November 3, 

1978) 



307: 01: 25: 03 

CDS 

2189 

Display .interrupt enable mask (loc: 0096 

307: 01:52: 30 

ACN . 

2189.1 

Implement Buffer 15 

307: 03: 01: 47 

GDS 

2190 

Load excessive interrupt patch 

307:09.51:17 

AGO 

2194 

zi rate gyro bias s i lsb . 

307: 19: 42: 51 

BDA 

2200. 

Set erb = -3 LSBs _ __ __ 

307: 21: 19: 41 

BDA 

2201 

setAe-M^O 

307: 21: 20: 40 

BDA . 

2201 . 

set e,pj ^2 ^ 0 

307: 21:21: 34 

BDA 

2201 

sete,p^2 « .6 _ 

307: 21:22:41 

BDA 

2201 

Display commanded.maneuver time 

307: 22: 44: 45 

GDS 

2203 

Enter .delayed ZLV command: (Delayed 
maneuver schedule to.begin.308: 01: 41: 531 

307: 22: 45: 32 
(November 4, 

GDS 

1978) 

2203 

Inhibit CMG auto reset 

308: 00: 20: 48 

GDS 

2205 

Enable switchover to standby mode 

308:00:22:24 

GDS 

2205 

Enable TAGS Control 

308: 00:34: 30 

BDA 

2206 

Xl.rate gyro bias. - 0 

308: 00: 35: 18 

BDA 

2206 

X3 rate .gyro bias » 0 

308: 00: 36: 06 

BDA 

2206 

X2 rate gyro bias & p 

6J. 




Ttble 2-7 . - Pertinent APCS Commands for the EOW A to EOW B Maneuver 
(Continued) . 



SITE 

PASS 

COMMAND 

308: 00: 53: 03 

ACN 

2207 

Select solar inertial mode 

308: 00: 53: 39 

ACN 

2207 

Set maneuver time s 36 minutes . 

308: 00: 54: 49 

ACN 

2207 

Display EOW B flag 

308: 01: 58: 48 

CDS 

2208 

Set EOW B flag 

308: 01:59: 43 

CDS 

2208 

Set e^jj = 0.3 

308: 02: 00: 21 

CDS 

2208 

Set =0 . 

308: 02: 00: 55 

CDS 

2208 

Set ATq = 5 seconds 

308: 02: 09: 26 

BDA 

2209 

Y1 rate gyro bias = 0 

308:02: 10: 23 

BDA 

2209 

Y3 rate gyro bias = 0 — 

308: 02:11: 05 

BDA 

2209 

Y2.rate gyro bias. ? 0 

308:02:25:39 

ACN. 

2210 

Inhibit TACS control 

308t02:i8: 22 

ACN™ 

2210 

Enter EOW 

308: 02: 28: 50 

ACN 

2210 . 

Attitude Maneuver (X = -168® » 




Y = 169®,Z=1®) 

308: 03: 49: 39 _ 

BDA 

2212 

Inhibit switchover to standby mode 

308: 05: 12: 42 

CDS. 

2213 - . 

Set Kfiz = .2 

308: 05: 13: 40 . 

CDS 

2213 . 

Set Ae^j^ = 0.05 . 

308: 05: 14: 40 

CDS 

2213 

XI rate gyro bias = 2 LSBs - 

308: 05: IS: 33 . 

! CDS 

2213 

X3 rate gyro bias = -2 LSBs 

308: 05: 16: 26 

CDS. 

2213 

Z1 rate gyro bias = -2 LSBs 

308: 05: 17: 36- 

CDS. 

2213__ 

Z 3. rate gyro bias = 1 LSB 

308: 05:18: 33 

CDS 

2213 

X2 rate gyro bias = 2 LSBs 

308: 05: 19:-31 _ 

CDS - 

2213 

Z2 rate gyro bias = r-2 LSBs 

308: 06: 50:16 

CDS 

2214™. 

Y1 rate gyro bias = 2 LSBs 

308:06:51:15 

CDS 

2214 

Y3 rate gyro bias = 3 LSBs 

308: 06: 51lS8 

CDS- 

2214 

Enable CMG auto reset 

308: 06: 52: 41 

CDS 

2214 

Display jUnterrupt jejiable mask . 
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2.2.10 



B OW B to SI Acquisition 


I In concert with the decision of December 19, 1978 tb 

i discontinue plans -for a Skylab reboost or deorbit mission was 

I the directive to maintain Skylab operations until further 

specific plans were developed. Presumably these plans would 
provide for an. orderly shutdown of Skylab after first collecting 

I scientific and engineering data from the onboard - systems and 

[I ' experiments. Skylab .was then committed to remain in the BOW B . 

II attitude as a holding pattern.. Subsequently MSFC and JSC were 

■ I directed to investigate the possibilities of .controlling or. 

i influencing Skylab reentry. A decision with respect to 

l\ maintaining Skylab operations had to be made prior to the end of 

1| January 1979 because the sun angle (^) would go through zero, 

r! heading positive at that time. If Skylab remained in the EOW B 

' attitude past this time, the temperature of the bearings on CMC .. 

#2 would drop enhancing the conditions for CMC #2 anomalies. 
Since the possibility, of controlling Skylab reentry could not be 
positively ruled out, the decision was made by NASA to return 
Skylab to the solar inertial attitude until a decision could be 
reached relative to Skylab reentry control.. The primary reason, 
for acqu-iring solar- inertial rather switching from BOVV, B. to 
EOW A was the reduced operational maintenance required while, in. 
the solar .inertial control mode... 

Therefore, on January 25, 1979, Skylab was. maneuvered from EOW 
B to the solar inertial attitude using the delay SI. maneuver., 
feature incorporated into the flight software for the. Skylab 
Reactivation Mission. This feature allowed phasing of the 
maneuver relative to orbit position without regard to station 
coverage and the maneuver to SI was accomplished without using 
any TAGS., impulse. A time history of ' the DCS commands for this 
event is_presented in Table 2-8.. 

The. aerodynamic drag with Skylab in the solar inertial attitude, 
was dependent upon the sun angle but in. all cases was much more- 
than the drag experienced in EOW, Therefore, . with the 
acquisition of the SI attitude, Skylab's return, to. earth was 
accelerated as shown in Figure 2-1. — 

Following SI acquisition a 5 degree, roll, maneuver was commanded 
about the X axis to expose CMC #2 to. more sunlight. This, 
maneuver was performed to help prolong ,the lifetime of CMG #2. 
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Tftblfl 2*8‘»» Pertinent APCS Commends 


TIME GMT 

1 SITE 

PASS 

(January 24, 1 

)79) 


024: 15: 52: 40 

QDS 

3371 . 

024:17:41:50 

BDA 

3372.1 

024:17: 43: 21 

BDA . 

3372.1 

024: 21: 01: 25 

1 AGO 

3374 

024: 21: 02: 50 

AGO 

3374 

024: 21: 05: 40 

AGO - 

3374 


(January 25, 1979) 

025: OS: 29: 25 I MAD 
025: 05: 30: 34 I MAD 
025:05:31:51 I MAD 
025:05:33:341 MAD 
025:05:34:15 | MAD 
025: 05: 35: 00 I MAD 
025:08:28:44 I BDA 
025: 09: 47: 05 I . 
025:10:05:02 I BDA 
025:10:05:28 I BDA 
025:10:05:54 1 BDA. 
025:10:06:17 I BDA 
025:10:06: 49 I BDA 
025:10:07:23.1 BDA 
025:11: 34:04 I CDS 

025:11:34:.44 I CDS 

025:11:55:39 MAD 
025:16: 23:02 I CDS 
025:16:24:41 I CDS 
025:18:08:56 I BDA 
025: 18: 09: 55 I BDA 
025:18:10:49 | BDA 
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3379 

3379 

3379 

3379 

3379 

3379 

3380.1 

3381.1 
3381.1 
3381.1. 
3381.1 

■ 3381.1 

3381.1 
3381.3 
3381.3 
3381.5 

3383.2 
3383.2 
3385 
3385 
3385 


for the SI Acquisition on January 25 , 1979 
[ ~ COMMAND 


Sete^b " •0iS625 

?1<>C 6 FDaT^'^”^*^ maneuver time, DSBTAU 

Display GG dump half angle (loc 700E) 

CMG gimbal rate limit = 1 degree/second 
Display CMG gin^bal rate limit (loc 01D8) 
Navigation update 

CMG momentum bias 

Set TAGS firing limit = 40 MIBs . 

Display TAGS firing limit Ooc OICC) 

Command delayed solar Jnertial mode 
Display interrupt enable mask.Goc 0096) 
Enable switch, over to standby 

Enable TAGS control 

Delayed SI entry 
XI rate gyro bias = 0 
X3.rate gyro bias = 0. 

Y1 rate gyro bias = 0 . 

Y3 rate gyro bias = a 
Z1 rate.gyro bias = 0 . 

Z 2 rate gyro bias = 0 

SelectACQ SSI and 2 for X axis, SSRM enabled 
Select ACQ SS 1 and 2 for Y. axis, SSRM enabled 
Command- maneuver bias (X = 5®, Y ® 0®, Z « 0® 
Inhibit TAGS control 
Inhibit .switch over to standby .mode 
X2 rate gyra bias ~ 0 
Y2 rate gyrobias = 0 
Z3 rate gyro bias = 0 
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2 . 2.11 


Tea Control Acquisition from SI 


On May 19 and 2J3, 1979j the Tarque Equilibrium Attitude (TEA), 
software patch. (SWCR 4022, Memory Load Buffers 18 through 22) 
was uplinked to the ATMDC flight program. This, patch provided 
the capability to maintain attitude control of the vehicle to . 
within a few hours of Skylab reentry. This was possible because 
in' a TEA attitude, aerodynamic torques counterbalanced jgravity . 
gradient torques and gyroscopic torques. 

The TEA attitude control law was developed after the decision 
was made to abandon plans for a Skylab reboost/deboost mission. 
This control law was unique because it. was the first spacecraft... 
control scheme .which used upper atmospheric aerodynamic torques 
to desaturate CMG momentum. In the normal SI Skylab Mode, CMG 
momentum was managed by dumping excess momentum using gravity 
gradient torques. In a TEA attitude, the aerodynamic torques . 
and gravity gradient torques are equal and. opposite. By 
offsetting the vehicle slightly from this attitude the relative 
magnitudes, of the gravity gradient and aerodynamic tqrqu.es can 
be increased or -decreased as desired to., maintain the CMG 
momentum at. the desired state. The TEA control law was 
developed, px.ogrammed and vei^ified between .January and May, 
1979., 

There were several TEA. attitudes and each resulted in different, 
atmospheric drag on the vehicle. The limiting factors in 
maiataining control were meeting the electric power -requirements 
and being in a dense. enough atmosphere to generate the. desired 
aerodynamic- torques. Most of the TEA attitudes were unuseable 
because the Skylab solar. arrays could not collect sufficient 
solar energy to run the various Skylab systems in the specified 
attitude. Other attitudes could be used only during a range of 
certain sun angles and below certain altitudes. Two of the 
usable attitudes, the. T275 and T121G are shown in Figure 2-17., 
The T275 attitude has a smaller projection of surface area into 
the direction of. flight and a corresponding lower atmospheric 
drag than the T121G attitude.. By maneuvering between TEA 
attitudes the drag on the vehicle could be modulated to slow or 
speed the- desired descent rate of. Skylab. This provided the 
capability . to shift the reentry time;_ several orbits if 
necessary. 

Based on early, reentry predictions of mid June, 19.79, initial 
procedures were developed t.o begin TEA operations in the T121G. 
attitude on May 26, 1979. At .this time the vehicle altitude was 
predicted to. be approximately 150 n.m. and the sun angle profile 
such -that the T121G attitude, would supply sufficient solar power 
from this point to the predicted reentry. However as the time 
approached, it became -apparent that Skylab was not reentering as 
fast as predicted and reentry slipped to early July, 1979. 
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lERIUM ATTITUDE 





As a result of this delay in reentry,, a maneuver from T121G to 
T121P or T275 would be required to provide sufficient power over 
the. sun angle range from 26 of May to reentry. Because of this — 
and -the fact that Skylab would be around. I"?? n.m. on 26 May, it 
was decided, to delay TEA operations and stay in SI control until 
late June, 1979. In the June. 18-20 time frame, Skylab altitude 
would be -approaching its lower .limit for SI control (140 nm) and 
the sun angle would be such that the T121P (Figure 2-18 )„ 
attitude would provide sufficient -power all the way to reentry. 

In addition to requiring only one TEA orientation for solar 
power, this delay provided additional benefits. More time was 
available- for TEA control analysis; development of procedures, 
for power management, rate gyro bias compensation, TEA parameter 
updating, and contingencies; . and ground controller training.. 

On May 20, the altitude of the vehicle was approximately 160_ 
n.m. Skylab could .be controlled in the SI Mode, only until. 
approximately 140 n.m. The Skylab descent rate and expected 
solar activity indicated- that this altitude, would be reached . 
near. June 18-20. Because of the sun angle at this time, the . 
T121P_attitude was the most favorable of the. TEA attitudes that 
were available.. This attitude, shown in Figure 2-18 was. near 
perpendicular to the orbital piano and the velocity vector, and 
provide a high atmospheric drag .on the vehicle. 

The sun angle would allow sufficient power for. the T121P. 
attitude through the end of July, '-'hich was well past the 
predicted reentry time. Als.o, as. reeatry neared greater 

atmospher.ic density would allow the T275 attitude to be useable. 

It was planned to use the T121P and T275 attitudes for drag 
modulation during, the final 36. hours prior to. reentry if the 
predicted reentry occurred during a highly populated orb.it, 

On June 17., preparations were begun for the T121P attitude 
acquisition by uplinking the. desired TEA control, parameters. 
(All APCS commands, pertinent to the TEA acquisition are shown in 
Table 2r9) , On June 19, the SLOPE- matrix, was. uplinked and 
sectors 58 and 59 of the flight program were transmitted by 
memory dump to. verify that all TEA variables were correct.. 
Computer. timing was. then selected in order to prevent 
computational overflows associated with the sun. timing scheme at 
low altitudes.. At 21:23 GMT on June 1.9, the five degree offset . 
about the axis was removed. All preparations, were then complejte 
for. the T121P acquisition on June. .20. 

At 3:24 GMT, June 20., the delayed ZLV commands.. containing the ~ 
time to start. TEA .ac.quisition and th.e ZLV offsets. were uplinked. 

At 4:50 GMT, TAGS control was reenabled. At 8:17 GMT, the- CMG. 
gimbal rate limit was increased to 2 degrees/second to allow for 
more control authority during acquisition and initial phases of 
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Tab!le.2'9. Pertinent AP.CS Commands for -the TEA Acqvtisition on Juno 20, 1979 


1 TIME (QMT) 

SITE 

PASS 

COMMAND 


(June 17.i979) 


168: 00:19:53 

CDS 

4459 

168: 01: 49: 29 

CDS 

4460 

168: 01: SO: 22 

CDS 

4460 

168:01:50:50 . 

CDS 

4460 

168: 01:51: 23 

GDS 

4460 

168:01:51: 51 

CDS _ 

4460 

168: 01: 52: 19_ 

GDS ' 

4460 

168:01:52: 45.. 

GDS 

4460 

168: 04: 57:45 

GDS . .. 

4462 

168:. 04: 58: 07 

GDS 

4462 . 

168:04:58:45 : 

GDS 

4462 

168: 04:59: 29 

GDS 

4462 

168:04:59:57 

GDS . 

4462 

168: 05: 00:17 

GDS 

4462 

168:J)5:00: 41 

GDS 

4462 . 

168: 05:01:04 

GDS 

4462 . 

168:06:33:13 

GDS 

4463 

(June 18, 1979 

).. 


169: 00: 13: 04 

GDS 

4473 

(June 19. 1979 

). 


170:00:11:03 

GDS 

4486 

170: 19:46:51 

GDS 

4496.1 

170:19:47:27 . 

GDS_ 

4496.1- 

170: 21: 19:.56 . 

GDS 

4497.1- 

170: 21: 23: 06 

GDS 

4497.1 

(June 20, 1979) . 


171:03:24:39 | 

BDA 

4500.1 


Update e^LNl 

Update e^LN2 

Update 

Update KDTHX 
Update-KDTHZ 
Update KEF 
Update DTHLl 
Update DTHL2 
Update X)THL3. 

Update DPHLl 
Update DPHL3 
Update DELI . 

Update DEL2 . 

Update DEL3 
Update TDESAT: 
Update DPH3CL 
Update maneuver time 


Navigation Update 


Navigation Update . 

Update slope, matrix .. 

Memory, dump (sectors 58 and 59) , 
Select computer timing 
Remove 5 degree bias in X 

Delayed 2?LV commended 
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Tabl« 5-9, Pertinent APCS Commands for the TEA Acquisition on June 20. 1979 
(Continued) 


TIME (GMT) 

SITE 

PASS 

COMMAND 

171:04: 49:25 

BDA 

4501 __ 

Update AMIB 

171:04:49: 36 .. 

EDA 

4501 . 

Enable TAGS 

171: 04: 51: 36 

BDA . 

4501 

Navigation Update 

171:06:21:44 

CDS 

4502 

Enable awitohover to standby 

171: 06: 42: 51 

GDS 

4502 

Update A MIB 

171: 08: 17: 06 

AGO 

4503 . 

CMC Rate Limit.- 2 degrees/seoond 

171: 12: 5Si00 

- 

- 

ZLV Maneuver initiated 

171: 13:j00:-53 _ 

AGO 

4504.1 

CMG Cagb 

171:13: 14: 04 

ACN 

4504.2 

Update XI rate gyro drift 

171:13:14:28 

ACN 

4504.2 . 

Update X3 rate gyro drift 

171: 13: 14: 55 

AON . 

4504.2 

Update Zl.rat3 gyro drift .. 

171: 13: 15: 20 

ACN„ 

4504.2 - 

Update Z2 rate gyro drift 

171:13:15:56 

ACN 

4504.2 

Enable CMG control 

171: 13: 16: 21 

ACN 

4504.2 

Enable TEA control 

171: 13;JL7: 06 

ACN 

4504.2 

Update A MIB 

171: 13: 17: 51 

ACN 

4504.2 

Update maneuver time 

171:13:18: 16 

ACN 

4504.2 

Enable TACS 

171: 16:33:25 

MAD 

4505 

Update XI rate gyro drift 

171: 16: 34: 13 

MAD. 

4505 . 

Update X3 rate gyro drift 

171;-16; 35t00 

MAD 

4505. 

Update Z1 rate gyro drift 

171: 16: 35: 46 

MAD 

4505 

Update Z2 rate gyro drift 

171:^6: 36: 03 

MAD 

4505 

Update maneuver time 

(June 21, 1979) 




1 172: 02: 04:11 ~ 

ACN 

4511 

CMG fate limit 1 degree/second. . 
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TEA control. The maneuver sequence for 

inertial to Tl2lP is shown in Figure 2-19. The delay ZLV. 

maneuver was initiated . at 12:53 GMT while the vehicle. was- 
SSSsidfof Tite coJe?ag^ At 13:01 GMT, shortly softer .he 
Santiago station was acquired,, the CMGs were caged to the 
momentum desired for the new TEA- attitude.. At 13:13 GMT, the 
ntanQUVQC to th© TEA. ©ttiud© was coinpl©t©» 

When- the Ascension station was acquired, new rate 
were uplinked. These biases had been previously analy,pd and. 
were Lsigned to offset the strapdown reference toward a 

favored direction.. The vehicle, could be. controlled with 
biases until the correct rate gyro, biases could be computed. 
Next, CMG control was reenabled to term.inate CMG caging and. TEA_ 
control. was initiated. 

The total maneuver to TEA control, including the offset ZLV 
maneuver and CMG cage used apprijximately 7.00. 

fuel. Once. TEA control was activated., no TAGS was required 
until reacquisition of TEA. contral. on June 24 

The correct rate gyr.o biases were computed as a function of the 
ACQ SS data and the strapdown reference.. Procedures, had. been . 
developed to slightly reorient the T121P. attitude so.^ 

ACQ SS*s. would acquire sun presence. Rate, gyro bias intormation . 
was then computed each orbit and new biases. were uplinked as 
required. The first set. of-, biases following TEA acquisition 
wer© .uplinlced b©tw©©n. 16 ; 33 and 16:36 GMT. 

Several hours after TEA acquisition, it was noticed that small 
errors were beginning to accumulate in the TEA .. ref erence 
quarternlon (QBL) causing the QBL elements to become 
unnormalized.- An analysis of the flight program ® 
this was du© to computational drift caused by truncation in th© 

ATMDC. This problem was temporarily solved by developing buffer 

T14. which reinitialized the QBL quaternion to nominal values. 
This patch was implemented three times between June 21 and June 
22. while .a permanent patch was being developed,. — 

The permanent patch, specified -by SWCR 4023 and implemented in 
Buffer. 23 was uplinked June 22. This patch renormalize u the QBL. 
quaternion approximately _ once — per* orbit and corrected te 
effects of 'the QBL drift. This was the last software patch 
implemented into the ATMDC. 
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ENABLE CMG CONTROL 

enable tea (121) CONTROL (13:16 GaiT) 



FIGURE 2-19 MANEUVER SpUENCE TO GO FROM S I TO TEA (121)P ON JUNE 20 1979 



-2.2.12 


T ea Control Reacquiali^l nn 


To support the- normal— maintenance, of tea eonhrfti 

ettors abXut thri«qSe eqSlu£?iun?2uSd.®“SM, 

Since* eti;SIphe?ic°"aen“?rSIs' 'ln«lL1nrwiU 

decent, the^lppeetri,‘L,uU%d^\“f?^iS^d"eV1? -’*''‘'^ 

properly jnanege. the CMG^oentu. a?a ree^'aMnil 

Station acquisition occurred at 17*44 GMT Th^> t-ai 

fa?:ra‘^ia^*\*B\^"clS??o1■^“.:^e^s=tr^^ 

previous pass was made ana it was®dilcSve?ea that“tL ‘‘'® 

of the slope^ matrix had been transmuted! transpose 

pret?Sus\"r3tJeloped a«!tt'*tte°"i ?!?=?"“« been 

=bbb'bl «ao^uls'uiora%‘rth"twn"S 

First, the maneuver time was. updated to 20 minnfoe 

^MIBS?^ . inhibited, .the allowable minimum Impulse Eits. 
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Tablt a-10 . Pertinent APCS Commende for the TEA Control Reeequieition on 
June 24, 1979 


TIME (OMT) SITE 


(June 24.. 1979) 

175: 16: 12: 35 
175:16:12:48 
175: 16: 13: 17 

175: 19:18: 29 
175:19:19:20. 

17509:19:32 . 


PASS 


COMMAND 


175: 19: 19: 53 . 
175: 19: 20: 19 
175: 19: 20: 30 
175: 18: 20: 43 
175: 20: 30: 33 
175: 20: 30: 55. 
175: 20:31:70 
175: 20: 31: 42 
175:20: 52:22 
175: 22: 06: 1(L 



Slope Matrix Update (elemente reversed) 

ETLNl »0.1 

ETLN3«-0.7 

Update maneuver time (20 minutes) 
CMarate limit » 2 degrees/secon^ 

Inhibit TEA control 
Update AMIB 
Enable TAGS ... 

Enable CMC control 
Select ZLV 

Attitude maneuver to desired ZLV offset 
Inhibit CMG control 
CMG Cage_ 

ETLNl = 0.0 

Slope Matrix Update (Elements corrected) 

Enable TAGS control 

Enable GMG. control 

Enable TEA control 

ETLNl = 0.05 

GMG rate limit « I degree/second* 






per half orbit expended by the TAGS was increased to 7.00 MIBs 
and TAGS and CMG. control were reenabled to initialize the TAGS 
counters. ZLV was then selected -and the desired ZLV offsets 
were uplinked. This ccnimanded the vehicle, to maneuver back to 
the T121P attitude. Next, CMG control was inhibited .and the. 
GMGs were paged to the. .nominal T121P .values. . 

When the Goldstone station., was acquired at 20:29 GMT, _the 
vehicle was back in the T121P- attitude with the GMG's in the. 
desired momentum state. The correct slope matrix was uplinked; 
and TAGS control, GMG control and TEA control were then., 
reenabled. An orbit later,, it. was. seen that TEA control was 
performing properly. The CMG rate, limit was then reduced back 
to one degree/second. 

The. entire process of losing TEA control and. reacquiring TEA 
control used approximately 1100 lb f-sec of TAGS fuel.. Although 
this fuel usage had been, unplanned, there was still sufficient 
fuel romain,tag for any required maneuvers prior to. reentry . 


2.2.13 Skylab Reentry 


Following acquisition of TEA. control, detailed procedures were 
developed which would provide flight controllers with, a . limited 
amount ~of reentry control capability. Procedures to maneuver. 
Skylab from the high-drag T121P attitude to a low.-drag TEA 
(T275) or ZLV. attitude were developed to provide a. means of 
shifting the reentry prediction. By maintaining a low-drag 
attitude, the. orbit lifetime _could be extended over .that in the 
T121P attitude. This would make, it possible to shift the. 
predicted reentry from an orbit of high population, density to 
one with, a lower population density. 

Since several factors indicated that TEA control (Tl21P-or. T275 
and TAGS only control could not be reliably maintained below 80.. 
n.m. , procedures .were also developed, to. initiate a. random 
vehicle, tumble.. A random tumble, results in a predictable, 
average drag„ which can be used in reentry predictions.. By 
controlling the time at which the vehicle drag changed due to a 
tumble, the impact prediction accuracy could be maintained. 
However, if the tumble occurred at some unknown time due to a 
loss. of TEA or TAGS only control, the impact prediction would be_ 
degraded.. 


Beginning on July 9 at 48 ho.urs prior to predicted reentry and 
each six hours thereafter, NORAD supplied NASA. Headquarters., 
MSFG'and JSG with Skylab tracking data and reentry predictions. 
Communications between these centers was constantly maintained 
o.vet a telecoramuni.ca.tiona_n.etw.ork loop, Decisions pertaining to 
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executing procedures for shifting Skylab reentry were made by 
NASA Headquarters under a set of previously defined qroundr ules . 


The NORAD data received between the 48 and 18 hour-to~go time 
points indicated that Skylab would reenter during a low. 
population density orbit. The decision at each 6 hour point 
during this interval was therefore to continue in the T121P. 
attitude as long as the control authority and station coverage 
permitted. The 12 hour-?to-go NORAD data confirmed the. previous 
reentry predictions. Based upon the favorable reentry 

predictions, the available station coverage, and increasing, 
difficulty in maintaining vehicle control., the decision was made 
to command a tumble at 07:45 GMT on July 11. 

The APCS commands issued .in p.reparation for reentry are shown in . 
Table 2-11, The slope matrix was updated for the last time at . 
3:35 GMT., July 11 and the last navigation update was. issued at.. 
3:38 GMT. At 4:54 GMT, the TAGS firing limit was updated. to its. 
maximum value in preparation for the tumble. At 6:26 GMT, a 
delayed SI. acquisition command was uplinked with the maneuver 
indication time corresponding to 7:45 GMT. While maneuvering to 
SI, the aerodynamic torques increased significantly causing the 
APCS to fire TAGS ia an attempt to maintain control. .. When the 
TAGS was expended control authority was lost and. the aerodynamic 
torques put the vehicle...into a tumble. . 

In order to save battery power and. ensure telemetry for the., 
remaining station passes., commands were issued at 8:21 GMT to_ 
remove power from the CMGs. Because of spurious commands. 
associated with switch selectioa 3.,. the CMG power off commands 
were later reissued for CMG #1. and CMG #2. At 9:39. GMT the 
standby mode was selected and at 9r„43.GMT the APCS was powered 
off. . 

On subsequent, passes, the APCS was powered.. back on to allow 
flight controllers to receive- ATMDC' telemetry . When the APCS 
was powered up for the. last time over the Ascensi on ..station, 
ATMDC data showed that the rate gyros were saturated in all 
three axes which meant that the vehicle rates were greater than 
1 degree/second. The power system data indicated that the solar . 
panels were beginning to. separate from the vehicle. The. 
Ascension station was lost, at 16:06 GMT, and Skylab reentered 
prior to acquisition of the next ground station. 
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8-U. PertinenVAECS-eoimnandsJor Skylab Reentry 


TIME (GMT) 1 SITE 


(July 10 , 1979) 

191: 17; 59; 20 3 

191: 18; 00: 10 
191; 19; 21:33 
191; 19’.-22ill 
191:50; 52: 43 
191; 20: 53; 09 
191; 20; 53; 39„ 

CJuly 11. 

192; 03;-35: 29 I 
192; .03; 37: 53 1 

1 192; 04: 53; 44 1 
192; 06; 25; 37 1 

192:07;.45;00 1 

192; 08; 20: 56 1 
192: 08:51: 11 1 
192:08:21: 26 1 

1 192^09; 38: 09 1 
192; 09:58; 47 1 
192; 09; 42: 51 1 
192: 09; 52; 58 1 
192; 11: 11‘‘ 33 
192; 11: 25; 00 
192: 15; 46; 49 
192: 15; 49: 26 
192; 16; 01: 31 
192: 16; 37: 28 


4774 

4774 

4775- 

4775. 
4776 

4776. 
4776 


4778 ' 

4778. 
477.9 
4781 

4783 

4783 
4783_ 

4784 
4784 . 

4784 
4784.1 

4785 

4786 
4790 . 
4790 
479.1 


COMMAND 


Update.j3lop3 matrix. 

Update maneuver time 

Update £MG momentum bias — 

Memory dump (Sector 56) 

UpdateJ3THLl_ .. 

Update DTHL3 - 

CMG Rate Limit = 2 degrees/.second 

Update Slope Matrix 
Naviga,tion Update 
Update A MIB. 

Delayed SI commanded .. 

SI Maneuver Initiated (begin tumble) 

CMG 1 powjered off 
CMG 2 powered off 
CMG 3 powered off - 

I CMG -1 powered off 
Select standby mode 
APCS powered off .. 

APCS. powered on 
CMG 2 powered off. 

APCS powered 
APCS powered on . 

ARCS powered off 

APCS powered on 

Reentry 



2.3 


ALTITUDE CONTROL MAINTENANCE 


An essential part of the reactivation. mission was the activity 
required to maintain the vehicle in the various attitudes that . 
were operational between SI acquisition on June 9, 1978 and 

reentry on July 11, 1979. _ In order to maintain attitude 

control, the ATNDC telemetry, ARCS hardware data and the vehicle 
environment required considerable analysis. The following 
sections describe the maintenance required for attitude .control . 
of the EOW, solar iner.tiaJL._and_iCEA control modes. 


2 . 3 . 1 EOW M aintenan ce 


The EOW operations began on 6/11/78 and after two early 
anomalies (refer to Sections 2.2,_4 and 2,2.6) the EOW attitude 
was maintained from 7/25/78 until 1/25/7.9, The EOW A attitude 
(MDA Forward) was maintained continuously from 7/25/78 until 
11/4/78 when Skylab was maneuvered 180 degrees to -the EOW B. 
attitude (MDA trailing) . The EOW B attitude was. then 
maintained continuously from 11/4/78 until 1/25/79 when Skylab 
was maneuvered to the Solar. Inertial attitude after it was 
decided that Skylab could not be saved. 


Several ground support operations were required to maintain. 
EOW. These ground support functions included; 


1) software modification to aid EOW management and 
provide new operating capabilities; 


Z) manual attitude correction commands to. account for 
movement- 0 .f the Solar Inertial reference? 


3) adjustment of the desired system momentum reference? 


4) rate gyro drift compensation updates to account for 
varying effects of rate gyro scale factor errors? and 


5) generation of navigation parameters which minimized 
transients induced by periodic updates^ 
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infrequent ground updates were 
EOVV parameters to increase or decrease EOW 
capabilities, within limits of stability, as a functiorof the 
sua angle and to adjust’ -to cojiditiona which existed at the time 
(i.e., momentum level). 


2. 3. 1.1 


EO W Softw ar e Mo d ifications 


buffers 11 through 16 wore implemented into the 
software .during the EOVV maintenance period. These 
modifications eliminated computational effects due to 
cross-coupling and limiting, reduced dependence upon ground 
support, provided new capabilities, and. de-sensitized the 

transients.. A summary of the effect these 
modifLcations had on EOW_operation is Is follow^ errect these 


1) eliminated X, Y-axis cross-coupling into Z-axis 
EOW strapdown updates; 

2) eliminated EOW Y-axis offset errors durinq 

limiting,. ^ 

3) provided automatic adjustment of EOW nominal 
momentum 

4) compensaJ;e.d EOW Y-axis offset for ..strapdown update 

5.) , provided EOVV .B capability 

6) modified orbit, momentum prediction in EOW B 
operation 


2 . 3 . 1.2 


S.I Movement Correction 


The flight software was designed to use the Solar Inertial 
system as its_ basic attitude reference frame and 
including the- local vertical frame upon 
which the EOW equations were based, with respect to it. As 
described in Section 2.2.4, the Solar Inertial reference is not 

nfaia quasi-inertial due to movement of the orbit 

plane and the sun. 


The EOW control equations were designed to account for this 

data-was uaed tor strapdown updates abojt 

a orbital 2 axis moinentum changes 

were .used for updates about the SI Z axis. The_ACQ SS provided 
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an absolute measurement of the X and Y axis SI reference drift. 
However, the^onboard computation of "the orbital Z axis momentum 
chan 9 e provided a proportional measurement of the Z axis SI 
reference drift. This measurement was sens-itive to various 
conditions (i.e.., rate gyro scale factor, navigation and 
computation accuracy, overall EOVV performance). in actual 
operation., the EOW stabilty limits were exceeded with .gains 
large enough to_ account for all of the SI reference drift about 
the Z axis. This was particularly true, at large sun angles. 
However, a built-in capability to manually bias Z axis reference 
updates was used through the EOW maintenance period to keep 
onboard operations within the capability of the EOVV Z-axis 
strapdown update scheme. These manual biases, or e^ updates, 
were computed off-line as a function of the estimated SI 
refer-ence movement and were shown to. vary with the sun angle. 
Figure. 2-20 shows a history of the-commanded e^^ updates. The 
amplitude and frequency of the e,.^ update history compares with 
the changes- in sun angle over the same interval of time (Figure 
2-4). A few deviations (i.e., around OOY 338) were in response 
to off-nominal conditions existing at those particular times. 


2.3.1. 3 


D esired Momentum Adjus t ment 


The.^ EOVV control law managed system momentum by generating 
attitude offset commands, relative to the local vertical 
reference, to maintain a desired momentum normal to the orbit 
plane (e^^).. Twelve times .per. orbit (approximately every 30 
degrees of orbit) , EOVV control equations were excercised to 
determine the s.ystem momentum accumulation normal to the orbit 
plane. Attitude offset commands were then generated to 

desaturate or dump the differonce between the ..measured and 

desired orbital Y momentum. , . 


The theoretical value -of orbital Y momentum was constant, for a 
given EOVV orientation, and was manually initialized following 
acquisition of the EOVV. A and EOVV B orientations. It was 
necessary,, however, to adjust e<f|, from time to time in order to 
respond to existing operating conditions (i.e., EOW 
performance, rate gyro errors and failures, sun angle). ' These 
Stn. adjustments were performed manually during the. early phases 
of EO.VV operation. However, it was necessary to implement an 
automatic -ej^ adjustment capability into the flight software in 
order to respond to events which could occur during the long 
gaps . in station coverage (7-9 hours). 


The automatic e^^ adjustment capability was implemented (Buffer 
12, SWCRtS 4006) on 9/8/79. All adjustments after this date, 
6xclusivG of- tho initial EOVV B valuo/ wgitg iiiadG autoinat ically 


by the flight Software. Pigure 2-21 shows the 
during EOVV A and EOVV B operation. 


values of e 


TN 
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origin 

OF' POOR QUALU.1 







2. 3. 1.4 


Rate Gyro Drift Compensation 


The BOW control l 09 ic operated while vehicle attitude was 
continuously being maintained relative to the rotating local 
reference system. The ARCS rate ...gyros were therefore 
collectively measuring orbit rate. The vehicle Y-axis rate 
gyros basically sensed a rate component equal to orbit rate 

times the cosine of the sun angle. Therefore, the Y-axis rate 
measurement was always of the same polarity: positive for BOW 

A and negative for BOW B operation. The vehicle Z-axis rate . 
gyros basically sensed a rate component equal to orbit rate. 

times the sine of. the sun angle. The magnitude and polarity of 
the Zr-axis rate measurement were therefore directly dependent 
upon the magnitude and sine of the sun angXe cycle (see Figure . 
2-8), The vehicle X-axis maintained a small cyclic offset above 
and below the orbit plane. and therefore, on the average, sensed . 
a zero. rate component. 

One of the major error .sources during BOW operations was the 
effect of rate gyro scale factor error on attitude reference 
drift. These effects were so significant that the rate gyro 
scale factor errors had to be manually determined and 
compensated for throughout BOW operations. The average Y and Z 
axis rate, gyro sceLLe factors were determined, as o.ften as once 
per orbit, from the BOW strapdown update and rate integral data 
telemetered from onboard systems. 

After determining the average Y and Z..axis scale factor error, 
the average rate gyro drift, or bias, compensation to counteract 
the scale factor error was computed.. Rate gyro drift 
compensation was required since the flight software did not 
provide a. readily available capability to directly compensate 
for. scale factor errors.. Figure 2-22 shows a history of . the 
average Y and .Z axis, drift, compensation commanded during BOW 
operation. 

The actual drift compensation commanded for an individual rate 

gyro was computed to compensate for the measured average scale . 

factor error and, at the same time,, to minimize the difference 

between the. rate, integrals in thai_axis. 
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2.3. l.i 


Navigation Updates 


The onboard navigation, computations were periodically updated 
throughout the entire reactivation mission in order to maln^in 
an aLurate navigation reference. It -was especially important. 
to maintain accurate navigation during EOW operations. The. 
local vertical attitude reference used_ln EOW. computations was 
directly dependent, upon navigation data_Jp£_the^^t^ -from- orbit 
midnight. 

Navigation errors in the time of orbit midnight \<ere directly 
tranlferrable. to attitude error atout 

of attitude error v;as approximately . equal to fifteen s.-.-on 
error in the time of orbit mdnight, — 

Navigation updates were jcommanded., as required, to. prevent the 
error in time of midnight from exceeding + 60 seconds (+_ 4 
degrees). Initially, these navigation updates were performed to 
discretely reset the error in time of midnight to zero (dis.crete 
update). Hov/ever, analysis of the navigation error and the 
update procedure revealed two facts; 


1) The navigation error always built up. toward the 
* negative 60 second limit (computed midnight 

lagging actual midnight). This was. due to the 
change in the orbit regression rate resulting 
from Skylab altitude decay,, 

2) Discrete, updates, were resulting in attitude 

error, transients equivalent to the navigation 
error when the update was performed. This 
caused perturbations in the EOW control oper- 
ation. 


Examination -of the onboard navigation_equations revealed that hy 
biasing one of the navigation update parameters ^®^^®®J 

ascending node crossings;. T^ ) a reversal in navigation errcr 

could be induced. By applying a Large iJSio^hiv 

error close to the. negative 60 secojid limit could be smoothly 

ramoed toward the positive 60 second Limit withoat causing any 
attitude transients. Restricting the bias ® 

magnitude also ensured that, the natural drift due to., de^^^ in 
orbit altitude would overtake the induced drift before the 
positiv.e-60 second-limit would be exceeded.. 

The smoothed, update procedure had an additional, effect, of 
reducing the navigation update frequency. The navigation ®rror 
was allowed to drift across the entire + 60 second 
instead of only across the 0-to -60 second range. Initially 


mission. 


cm.r Inertial (SI ) Maintenance 


rtf qkvlab teentry control was the ability to 
An important pant of Skyla . Y attitude. until the 

maintain ^kylab operat g be accomplished. 

cotn,ttol. These were: 

1) Tho tla,e required td <=onsttucf . 

the TEA^contxpl capability. 

21 An upper and lower altitude, limit, outaide 
’■ Tt S, tea control l3_not possible. 

3.1 The ability to maintain SOW cent rol^to^^ 

altltudes__compati^^-^e-w^t^^^ limited momentum. 


control . 


4). 


aitlT-Uueo . . 

not probable-because of the lim 
desaturat..lon capability irLEQVV 

The abUlty, to successfully acquire the d« 

"?Sr!ccSfacrff thf-onbrard straldown. 
upon th - the maneuver to the TEA 

rtttruSe!-"Thrsi m?dl Troviaed, the most accurate 
s t r apdown refer ence .system. 

Preliminary indicated «.nttol^of.^Skyla^^^^^ ^ 

“:^^-irrtrtre^;jH^ SI control^^^ 

which predicted Skylab would reach lt»n the sur angle 

m; 1970, a time «hich also corresponoe^ Subsequent 

passing through the-orbitalp.lane (i^ , dependent upon 

analyses determined that the bi ^ontL . p^eric density; the 
I combination of 'the upln altitude, and 

atmospheric density, being .dir.ctly p environment, the . 

Liar- activity. In an |®todynamic ,, 

?re1uS =an5U°CrlssSr ta orbit plane. 

in^arly April 1 ” 9 , the solar' activity fh«u^^^ 

to loas than, nominal and remaineo^n^^^ orbital decay 

t^te' wMch'^'^ventiaUV forced abandoning plans. to acquire 
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l"itui m acquisition plans 
veraua°alti?n52®^^ because the phasing rsquitements of sun -angle 

required for a successful reentry scenario usino 
SifiSr satisfied. Becausr of thi 

24 ®^ie 7 o“^l? altitude (157 n.m. vs. 1 I 0 TI) onMa^ 

control was. maintained through the fl « 0 croScs^nX 
and the SI control limit was revised to occSr bItSeen SS- JI 

orbit^olLe^^ again approached crossing the 

The design of the momentum management system for SI control nQ^f^ 
a^fient-torques to maintain a desired mom«fSS I?atrin 
b5 f °« ‘he CMG momentum sU?r2ar JflelteS' 

eLh orbit during, ?hrnl|ht 

and'^ 4 ?”*"mh ®^°h Orbit) about the sunline (see Reference 3 

JStoml^ir»??f,® attitude adjustments were computed 

automatically onboard based upon JSkvlab ooeratino er>isait»^e*« « 

|yU^ ILl‘:Se^d;°'?Se J^:od?L^^^c“^Lr^Ls‘5^ 

P-n°-=®"7na 

excursions!^^^^^^'® control of - the -CMG momentum, and CMG gimbal 

3as aerodynamic- torques on SI momentum, management, 

was first, observed within two weeks after acouirina St J!n 

nm^when fliqht'^controll^^' of Skylab was approximately 193 _ 

nm When flight controllers observed an unexpected bias offset in 

aor^a IS momentum.. This was the first cue to the effects of 

at that^^timS'^^fh^®” ^I momentum management performance since 

ae\od5n\".ic'.^L%eS!, simulator.s did not .inclSdS 

were^SycliS^in''na?u?r^ by Skylab in the_SI attitude 

ere cycii.c in nature. wi.th a non-zero mean value and had « 

cycle per orbit, as compared to the two cycle 
Of bit frequency of the gradient torques. Depending upon the 
per axis phasing of. the aerodynamic torques rKativI IT fh! 

pS?diSgly!® This-^compensation if turr^used'^^L^CMG^'^S 
DCS hSd ^hiJT f commendable through the ATMDC 

Imi f c« 1„ec'SStc“! It 
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Using simulation analyses and observing flight, performance, a 
procedure evolved to determine values for CMC bias, commands 
which forced the momentum management system to. keep the CMG 
gimbals in a favorable operating region. Predicted values for 
the CMG bias commands versus elapsed time (i.e,, predicted 
altitude, sun angle), were generated to give flight controllers 
some expectations relative to. trends and magnitudes of the 
commanded bias values. The limits of SI control werie rapidly 
approaching when. TEA control was acq.uired. on June 20, .1979, 

Control of Skylab in the SI mode was maintained from January 25 
to June 20, 1979 with the SI momentum management system 
operating in an environment for which it was never intended and 
without using any TACS -impulse. The one dominant trait- 
exhibited by simulation . results with Skylab-operating under 
these conditions was that if a CMG gimbal stop encounter ever 
occurred, successful reacquisition of the SI operating, mode was 
highly improbable. Had such an event occurred, active -control 
of SJ^ylab would have most likely been_.te.rJTiinated. 


2.3.3 


TEA Maintenance 


Tlie TEA operations began -On 6/20/79 and, with only one exception 
(refer to Section 2.2.12), continued uninterrupted until. 
7/11/79. At that time Skylab was maneuvered to the Solar. 
Inertial attitude to. support reentry operations (Section . 
2.2.13). A high drag torque equilibrium attitude, referred. to_ 
as the T121P- attitude., was maintained throughout TEA .operations 
(see Figure 2-3).. The vehicle X-axis was oriented near the 
orbit normal with the positive X-axis pointing. South. . The 
vehicle Y and Z axes were oriented. near the orbit plane so that 
the ATM and OWS solar arrays were trailing and approx.imately 45 
degrees either side of the vehicle velocity vector. 

Several ground support functions were required in order to 
maintain TEA operations. These ground support functions 
included; 


1) . rate- gyro drift compensation upda-tes to account for the 

effects of rate gyro scale factor errars; 

2) .TEA reference updates to account for small amounts of 

drift in the attitude reference (also attributed, 
to rate gyro scale factor error) ? 

3) nominal TEA-momentum updates to. adjust the T121P- 
orlentation in order to provide sufficient solar power 
for Skylab systems; 
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4) TEA control matrix (Slope Matrix^ 

torque equilibrium changes du“to nomlSli 
updates and. altitude decay; nominal. TEA momentum 

5.) TEA momentum error limit updates to t 

control capability as the .«biraUi?^le"1«Jaanirand 

!ent“iild2ced brBlriidlo“Spdates'!''’^°'' minimized tcans- 

iSplemMUd%oon‘af?«^thrTEroperationr®''®^ 

of theze modification w«rpe?f«med ?^ Both 

Of the TEA reference quaternLn^ bv normalization 

drift, associated with, reference updates^^ ^^^*'^ computational 

opiration! -"'i ann angle profiles during tea 


2. 3.3.1 


Rate Gyro Drift Comoensat i 


continuously being maintaineSelftive L th"^ ^ attitude was 
vertical reference system. The APcq rotating local 

collectively measuring orbii rate ?n thn%???2® therefore 
vshicle X-axis rate gyrorwerrb«;io«?i^^ attitude, the 

orbit rate. The ?Licle y ^and^^aL^^K^"^ negative of 

plane,, were sensing only a small component of ®o?bi?®r a 

at%It^1e^°^fer^^^^^^^ errors an 

However unlike EOW, the T121P operations, 

significantly and the^efoJe oLe the girfscal. 

determined they "did "ot^e^^i?!- conUnued ” 

relative, to^^the local "vertical^^the sun^^^’^fS maintained . 
X-Z plane of the vehicle Dnr^n^ P^ss through , the. 

operation this sun paSs was sScS"tha?%v.®®"^y TEA., 

field of view of the ACQ SS. Sever al^tl!SpQ^?<.®“” within the ■ 

the ACQ SS linear range. several, times it was even within 

3Js;£io“fooJe^?,%%?‘-i\r?e%isfi?y"ica^''ir 

referenos data was obtained bvd.™li„^^ onboard attitude- 
reoorder data. This data was prLessed L ^2“’ P'^®=®os<"9 ASAP 
computer located at MSEC to a^^l?S?^|^Hravlra^ric*alf i:itof 




recorder data. This data was. processed on . a Zerox Sigma 5 
computer located at MSPC to determine the average-scale factor 
error for a given axis and the. rate . gyro .j3rift compensation 
required to counteract it. The actual drift compensation 
commanded for an individual rate gyro was computed to compensate 
for the measured average- scale factor error and, at the same 
time, to minimize the difference between the individual gyro, 
rate integrals in that axis. . 

Figure 2-24 shows a history of the_rate gyro drift compensation 
commanded during TEA operations. The initial compensation was 
commanded just prior to activating TEA Operations. A large 
negative X-axis bias was commanded because- TEA control could be 
lost within one_to two omits if an average bias of this nature 
were required . but - not . available.. If compensation in the 
opposite direction was needed, which it was, TEA control cou-ld. 
remain active until the true .compensation was determined. 








2.3. 3. 2 


TEft Reference Updates 


Throughout the TEA operation period small.. updates were commanded 
to adjust the TEA attitude— reference.. These updates were 
relative to the local vertical reference system and corrected 
for small magnitude drifts in the onboard attitude reference 
quaternions. These drifts, were due to: navigation drift within. 
the navigation update limits; and rate gyro scale foctor errors 
below the quant ijzat ion level of the rate gyro drift compensat ion 
command. 

The TEA reference updates were generated by comparing the 
nominal reference- profile to a history of the actual TEA 
reference data. One or more orbits of TEA reference data were 
required for this operatio.n. This was. obtained from up to 3 
consecutive orbits of ASAP, recorder data. The de-logged data 
was manually input to. a Zerox Sigma 5 computer located at MSEC 
where it was processed to determine the required update. The 
resulting update was then - commanded to adjust the attitude 
reference quaternions used for TEA control. Figure 2-25 shows a 
history of the TEA reference updates. 


2. 3. 3. 3 Nominal TEA Momentum Updates 


The TEA control, law automatically maintained the total system 
momentum to. nominal values specified via DCS command. Every 300 
seconds the difference between the actual and the nominal TEA 
momentum was calculated. This momentum error was translated 
through a matrix (SLOPE Matrix) which related momentum error to 
attitude error relativ.e to the torque equilibrium attitude. The 
resulting attitude errors were used to automatically update the 
TEA attitude reference such, that the momentum error would 
converge toward zero. 

The nominal TEA momentum was defined, relative to the local 
vertical reference system and was updated several times, during 
TEA operations.. The X and Z axis updates and ertw? ) were 
used t .0 tilt the T121P orientation relative to the orbit normal.. 
These adjustments in the T121P attitude were made in unison with 
changes, in the sun angle to provide sufficient solar power for, 
TEA operations and, where possible, to provide ACQ SS data for 
rate gyro compensation. . 

Updates in. the Y axis (eTtwz.) did not effect the T121P 
orientation but were used to provide a favorable CMC gimbal 
angle, orientation to avoid gimbal stop encounters. Figure; 2-26 
shows a history of the nominal TEA momentum updates. There. were 
no updates after DOY 182. The power system and ,r.a,te gyro 
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Gompenaatlon needs had settled to the point where it was more 
important td stabilize the T121P orientation, by m.aintAljiing a 
constant value for the-nominal TEA momentum. 


94 




I 




2 . 3 . 3. 4 


Slope Matrix Updates 


slope matrix, relating momentum, error to 
torque equilibrium point, was updated 
fi?®® during TEA. operations. The SLOPE matrix was 
updated with each change in e to account for the shif<- 

of^orbit^iiMf'^U Updates were also made as a function 

of orbit altitude to account for the increase in aerodynamic 

.rdtlTot 

control transient as described in Section 2.2.12 The eoir^rf 

approximately 3 orMts later af?er ?EA 
reacquired. Based'^on observed anf predicted 
control performance, the SLOPE matrixs used from DOY 177 throuqh 
the first matrix on DOY, 19.1 were all uplinked at one-half oain 
to desensitize the TEA control operation:. ^ 


2.3. 3. 5 


TEA Momentum Error Limit Updates 


The TEA momentum error limit was updated five times durina TEA 
operations. As shown in Figure 2-26 each update inorsMed the 
limit. This increase, provided greater control authority as the 
orbit altitude decreased (and aerodynamic torquinncJeLed) . 


2.3.3.,6 


Naviqair.ion Updates 


As with EOW, it. was important to maintain an accuratP 
naviga.tion reference during TEA operations. Any naviqation 
error gave a corresponding attitude error about orbit North 

error ^^in" required, to prevent the 

J of midnight from exceeding + 60. seconds (±4 
degrees). As described in Section Z.3.1.5, tL imoothed update 

®® that navigation updates did not cause an 
transient at the update time. At the epd of • the_ 
mission,, navigation updates were being required at r»n/^o 

per day with T biases of 15 seconds" at . least, once 
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SECTION 3 


ATTITUDE CONTROL 


3.0 INTRODUCTION 


The actual control of the Skvlab attitude, to the attitude 
reference was done exactly as in. the or iginal mission. . However., 
only the pointing control system (PCS) of the APCS was used; the 
experiment pointing control system (EPCS) was disableds 

The major parts of the APCS were the rate gyros, the sun 
sensors, the star tracker (it had failed, during the original 
Skylab mission) . the Apollo Telescope Mount_.digital computer 
(ATMDC) . the workshop computer interface unit. (WCIU) . 
double-gimbaled control moment gyros (CMGs). and cold-gas 
(compressed nitrogen) thruster attitude control system . (TACS) . 

Six control modes were addressable: 1. STANDBY. 2. SOLAR 

INERTIAL (SI) . 3. EXPERIMENT, POINTING. 4. ATTITUDE HOLD/CMG. 5. 
ATTITUDE HOLD/TACS . and 6, ZLV. EOW . and TEA con.trol were 
proarammed to be substates of the. ZLV mode. The basic ZLV (for 
Z axis along the local vertical) attitude was with the positive 
Z axis along the. local vertical, pointing up. and the positive X 
axis in the orbital plane, pointing in the direction of ~ the 
velocity vector. Any angular offset from the basic ZLV attitude, 
(offset identif ied._by the guaternion QAL) could be commanded via 
a set of three Euler angles (chi's) with a (Y.Z.X) rotation 
sequence. None of the original APCS capabilities were, 
eliminated by the addition of the EOW and TEA control methods. 

In the following sections. EOW and TEA are mostly discussed in 
narrative form- Much more detail as- well as equation 
development can be found in Refs. 13. and 14. Sections are. also, 
included covering the TACS. CMG, Rate Gvro. sun sensor and ATM 
digital computer hardware and software systems. 


3.1 EOW AND TEA CONTROL 


The problem for both EOW and TEA was to determine variable 
reference attitudes such that. on. the average, the angular 
momentum was contained within the two-CMG capability (allowing 
the CMG's to hold the prescribed attitude reference), while the 
average reference attitude was consistent with the desired 
aerodynamic drag. Low drag was desired for EOW in the. hope (at 
that' time) that Skylab ccuU.„b. e .Jiept . in-. a. high enough orbit long 
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enouqh fdr ...the Shuttle to carry an - orbit?>l retr-ieval system up 
to it for boosting, Skyl.ab into a higher orbit or for dehoosting 
affording a .cohtroiled reentry. The desire for TEA was -to find 
two separate attitudes with a drastically different dr.ag to 
control the Skylab impact point by switching from a high-drag 
attitude to a . low-drag attitude (or vic.e*-versa) when the impact 
point prediction wan accurate enough to — indicate — ^the desired 
change. 


EOVV Control (2 CMG s) 


Minimizing the drag ,, on. Skylab required that the least frontal 
area was presented to the wind while at the same time holding a 
GG torque equilibrium (at. the altitudes of concern the GG 
torques were still very dominant and they were, therefore used - 
exclusively for momentum control),. Keeping, the minimum 
principal mOme.nt-of-ine.rtia axis parallel to the wind direction 
fulf illed this requirement. To .have the necessary electrical 
power from the solar, cells as well as strapdown update 
information from the ACQ SS the Skylab was roiled about the 
minimum principal momen.t-of-inert ia axis, (principal X axis), such 
that once an. orbit the Sun-line passed through the center of the 
ACQ SS . 

There were- two attitudes, which satisfied these requirements:. 
One. with the MDA forward, called EO.VV...A,, and one with the JIDA 
backward, called EOVV B. In either, case, the MDA. had to. be 
pitched down by varying degrees (depending, on the beta— angle) to 
align the principal X axis with the orbit tangent. 


3. 1.1.1 Momentum Control Methods 


Control of the angular momentum was split into the control, of 
the momentum component perpendicular to the otbita.1 plane (POP 
control) and the component in -the orbital plane -(lOP contr.ol). 
Since. lOP control had some effect on POP^control, _ lOP- contral 
will be treated first. 


3.1»1.2 EOVV lOP Momentum Control... - 


When Skylab was originally designed, it was desirable to 
minimize the GG torques along the minimum principal - 
moitient-of-iner tia axis as much as possible since the momentum, 
management scheme (Ref. 15) was least efficient in this axis. 
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or POOP QnAfJTY 


For EOW control this meant that there w re basically no large 
GG torques available along this axis and furthermore, there 
would be no change in torques when the principal_Y and Z axes 
were +45 deg from the orbital plane (tracking of the sun by 
rolling would make this a.frequent occurrence). Therefore, this 
first order effect— had to be abandoned and the actually used 
momentum control scheme assumed that the Skylab 

moments-of-iner.tia were cylindrical, with an average 

moment-of-inertia difference of A I. 

The problem was solved by using a second order effect. First, a. 
large cyclic POP. torque was generated by "nodding” (pitching) 
the Skylab in the orbital plane. Cyclic nodding was required to 
avoid a continuous angular momentum build-up- in .the POP 
direction. The cyclic POP torque, was then tilted as required 
(differently for each half cycle) to generate a controllable 
component in the orbital plane. The second order effect stems — 
from the fact that the lOP torque is proportional to the nodding _ 
angle times the tilt angle. 

The effectiveness af the lOP momentum control did not depend on 
the frequency of the nodding. - However, other considerations 
entered; . (1) the lower the frequency, the larger the POP 
momentum swing; and (2) the higher the frequency, the. larger the, 
maneuver momentum that has to be exchanged between the vehicle 
and- the CMG system. Since only a limited momentum volume was - 
available with two CMGs and their assoiated gimbal angle stop 
problems, a nodding frequency of twice orbital frequency was 
chosen as. a viable comprom ise; j 


TJyn = - T^yra .sin(2j\ot) 


(El), 


Therefore the .lOP momentum control calculations were done every 
quarter orbit.. This had the added advantage that the. resolution . 
from the nearly inertial 0 system to. the rotating L system, 
happened in 90 deg intervals allowing indexing of soma of the 
saved momentum samples rat her than requiring a full-fledged 
resolution. 

To minimize transients at the quarter orbit, sample points the 
tilting angle was also sinusoidal with twice orbital ft;equency . 
and its: amplitude was the only changing quantity; 
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T Zn = - K| zm sin (2 


(E2) 


where 


zm = KrjzieZ0 - eh + cR/4) 


K)\z. = (15H)/{48nym n^I.) 

eZ0 is the momentum component-.'^ 
to be desaturatod. 

eA is thue amplitude 

eR. is the .ramp per ort>it . J 

Ihe phasing_of the nodding, and- the. ti’Ltinq. angles was the same 
such that the amplitude was rmchod lieulf way between sample 
points. 


•'ll o ar.e in 
units oC one-Ji.,, 
the momentum 
of one-CMG. 


The - sample, paints were -cliosen such that ane - of the samples 

occurred at the time when the sun.wa.s perpendicular to the • solar .. 
panels. This happened before or-bital noon for EOVV A. and after, 
for EO.VV B (the difference of about 11 deq between the geometric 
and the principal X axes is - the reason). In addition, the 

nodding rate, being added to the orbital rate, was phased such, 

that it slowed S^kylab down whon tho solar panels were 

perpendicular to the sun and . there.fore ntaxiinized the power fr om 
toe solar panels (.g^iving rise^to the minus sign in Eq._El)._ 

The tilting angle ampli tux3e .was calculated, such, that the- lOP 
momentum component which could bo affected during the- next 
quarter o.rblt .( it was- along the direction, of the connecting line 
between the .pre.^nt sample point and the next one) would be 
driven to the desired value... The^esired value- wa.s basically 
zerO/ but any constant torque in the L system, causes only a 
cyclic momentum chanq.e (with njDrmi.al ized. ampl itude--eA) overdone 
orbit and should not be -compensated for.. Therefore the momentum 
attributable to a constant L system torque was subtracted out of 
the momentum eZ.0 to be desaturated over the next quar.te.r .-orbit. 


To recogniiie a cyclic as well as a ramp momentum change, four 
past momentum samples were saved. The samples were also used to 
gene-r ate . s apdown update information once an orbit. . 
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3. 1.1. 3 


BOW POP Momentum Control 


The torques associated with a. rotation about the orbit normal 
are much stronger than the ones associated with lOP control,., 
Hence the momen.tum sampling for momentum control has to be done 
as frequently, as possible. However, the transients should have 
had a chance to settle before the next. POP sample is taken. 
Twelve samples per orbit satisfied both requirements. To 
further reduce transients, the calculated POP angle, (which would 
have eliminated the momentum offset within the next interval if 
it were applied fully during interval) was rampedrin such that. 
the angle was achieved at the end of Jthe interval. Since this 
only reduced the momentum offset by half, the angle was. 
ramped-out during the next interval for a full momentum offset 
elimination. The ramp due to the newly calculated POP angle was 
simply superimposed on the rampdown from the previous POP angle 
(Fig,. ,3-1). This method still resulted in a constant hang-off, 
when necessary: the angle- change due to the old. angle being 

ramped out was compensated by the ramp-in of' the new. angle (in 
flight, constant angle hang-offs were common due to strapdown 
errors and navigation errors and they were not detrimental, 
since , the momentum control kept the vehicle at the, truly desired 
attitude). A block diagram of the BOW orbital Y-momentum 
control scheme is. shown in F.igure 3-2. 


3. 1.1. 4 BOW Strapdown Update 


Strapdown. updates about the vehicle X and Y axes were always 
furnished by the ACQ SS. To do that the roll angle about the 
principal X axis was changed by large amounts to compensate... for 
the large beta angle-changes (a slow change) and relatively fas.t 
smaller- corrections were applied to compensate for-the nodding 
and the. tilting angles. The overall effect was that the vehicle 
Z axis nominally traced a cone about, orbital -north.. The-. 
difference between where the. sun-line was. at the. closest 
approach to the ACQ SS center and where.it was supposed to be 
according to the .strapdown information gave the strapdown X and 
Y information. 

To gain strapdown update information about the sun-line was more, 
difficult since there was no other sensor available. The 
selected momentum control method fortunately had the feature 
that, due to. the nodding angle, a misalignment between the ideal 
orbital plane and the indicated orbital plane generated an . lOP 
momentum ramp. 
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SKYLAB END-ON-VELOCITY- VECTOR CONTROL 



FIGURE 3-2 
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teL lOp'^raL imfl'’?' the ACO SS i-.pdate and the last 

4- • lOP- ramp update, where v is a un^t vector in the» -qnn 

djteotxon as oalculatod by the ATmdc and s is. thl - measured 

ditectiOT: the angba about the measured sun 


^2 = -K^z (eTLNl - eTLNlP;)_ 


(E8j 


where K% is a gain and (eTLNl - eTLNlP) is the- rania ner orhi«- 
i^LudldJ^rbiSl'eSrslncr'" the-qround 


elLNlP gJLNII + eRB 


(E91 


"‘^'’t ^'ter the /((z calculation and thecefote-ls 
used for the next-^fz calculation- (eTLNlp is modified at euerv 
^sample point, to account for th.e momentum chan,.:i"!co»andel bj 
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ORIGINAL PAGE I§ 
01 POOR QUAIJTY 


3. 1.1. 5 


page IS. 
iUAfJ'iy-: 

EOVV Ope cation ,a nd Perfocmanc e 


OKJOw^ir, 

OP f(X)lt I 


The original eOVV equations considered EOVV A only. In EOVV A. 
CMG 12 received more solar radiation when the sun was north- of 
the orbital plane (positive beta angle) and less, when it was._ 
south of. the orbital plane (negative- beta angle). For. large 
negative, beta angles the- CMG #2 bearing temperatures became 
critically low (see Section 3.3.3). As a consaqueace, the EOW 
A equations had to be modified during EOVV ooeration to allow an 
EOW. B .. attitude during extended periods of large neg ative beta 
angl.es. 

Constant ^yc angle hang-offs (caused by stcaodown, navigation 
and. other, errors) reauired constant POP momentum hang-offs to. 
generate the necessary commands. Since the range- of acceptable- 
POP momentum component was rather limited ’(+0.4H from the- 
nominal^ the nominal eTN being. 2. 5H ia EOW A and 0.3H in EOW 
B.) the nominal POP momentum had to be changed to accept large 
angle hang-offs (.3 deg of POP angle hang-off required i’.lH POP. 
momentum hang-off.).. This change- in nominal momentum was made., 
from the ground at the -bog inning of the EOW o.perat,ion and later, 
was automated on-hoard to guard against gr.ound inatteation, 
ground system fai Luces., and long telemetry coverage gaps. 
Momentum excursions outside the soecified range caused loss 'of ' 
attitude due to CMG aaturation on one occasion (6/28/78) .and it 
was therefore very important to keep the. POP momentum bounded. 

Strapdown updating .about the sun-line w.as done with inform.ation 
derived from the lOP momentum ramp. Unfortunately, the 

evaluation of the TOP momentum ramp yielded very noisy readings 
from one orbit to. the next and could only be used with a very 
reduced gain K^z. This in tu.rn could lead to large orbit plane 
misalignments to generate the required strapdown .updates to keep 
up with the +5.0 deg rocking of the true orbital plane (due to 
the precession when viewed with resoeeJ: to the. projection of the 
sun-line into the orbital piano). The large size of the max-imum 
change • per orbit (1.2 deg.) was not cecogn.i.zed at the beginning 
of the EOW operc?.tion and was the. cause for loss of. attitu.de- on 
6/28/78. After that, the ideal strapdov/u. update necessary to 
follow the rocking, of the. or bit aj. plane was introduced open loop 
through the quantity .called oRO (.Eq> .E9.). and no mor.e. problems 
we.ee oxper ienced .. _ 
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3.1.2.i3 


TEA Con birol 


capacity of 
control. Of 
■in order to 
far tao low 


With the- decision in Docoflihor 1978 to discontinue efforts tc 
hcep the- Skylab .m. orbit came the decision- to terminate the 

mode, of operation and to reestablish the - 
boiai inertial mode as soon -a-s practical.. This would put the 
spacecraft in an ideal power attitude and greatly reduce around 
management of systems.. It would also increase the-dr.ag On the * 
^ and cause -it to reenter sooner.. Unfortunately the S.I 
attitude could not be maintained ..uuch - below 280 km (150 n..m.) 
since the _ growing density of the i-tmosphere- would cause- the 
aerodynam,i.cs . to grow to the point where the storage 
the CMGs-for angular momentum was inadequ< 3 te._ Since 
150 km or below would, be- required 
influoncc^ ^Gentry and thG ariiouiit o£ thrustGc gad -was 

thruster.s-, .another new attitude -control 
scheme had to- be developed. Aerodynamic torques are- 
proportional to density. and become nearly overwhelming at. 150. km 
and -so any attitude control schomo. which would work at 150 km 
would have to -accurately take into account the aerodynamic 
isturbances. Thus it became c-lear that we must look at the 
torque^equilibr-ium attitudes (TEAs.) if .any existed and plan, our 
control schemes about these.. Thus the important early questions 
were: L. Are there- equilibrium ahtitud.es?; 2._lf so, is- 

a equate solar power avail.ab.le? An invest igat.ion with the- 
mathematical .. aerodynam.ic ■ model, of the Sky.lab. vehicle indicated 
there, were no aerodynamic- trim . or equilibrium attitudes but 
there may be -attitudes where- aerodynamic, gravity gradient, and 
gyroscopic torques balance.. Indeed, 12 such attitudes were. 

useable, as control attitudes -since there 
would be insufficient sol-ar. energy available to power the - 
spacecratt and battery power . would -be completely inadequate for 

required. Only 3 of the 12 TEAs .. ' appeared 
viable if. a control scheme -could be developed for- them. So work 
began on a TEA control scheme. . A candidate scheme was developed 
which, was - promising .but there- were large uncertainties because 
of lack- of confidence -in the aerodynamic coefficients.. This 
ac \ . o confidence was due to -the lack of test data confirming, 
the aero moment model, at these altitudes... As a result there was' 
not a high^confidence that t-he new. TEA scheme would work. Later 
flight performance would show that our.madels were much better 
than, had been expected. The various., mathematical, models and 
tools needed for TEA. control are described in the followina 
sections. - ’ 
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3. 1.2.1 


TEA Bar Angles 


ATTACK^^«nS°2nf?^ meaningful to use.BANK, 

•a'’ 9 les to describe thq attitude of Skylab with 
respect to the rotating ZLV aysteni. The first rotation (bank 
angle is about the X. axis. This axis is, on the average, 

direction and a rotation about it does not 
?« aerodynamic torques and forces. The second rotation 

atfflrk°fho ^ axis and determines the angle of 

attack the vehicle X axis makes with respect to the wind 

axis-!^^°"’ third rotation (roll angle) is about the X 


3. 1.2, 2 


T orque Equilibriu m _ Attitude 


As mentioned-previously the aerodynamic coefficients are only a 
function of the roll angle and, the angle-of-attack.. Figure 3-3 

three components with: 
respect to these angles.. As can be seen, there is no set of 
angles, where all three curves intersect. However, they come 
close in several areas. To get a true three-axis equilibrium,., 
other external torques are required. Gravity gradient (GG) 
gyroscopic, torques were found to be sufficiently 
^11 altitudes of concern to create twelve torque 
equilibrium attitudes (TEAs) altogether. Gyroscopic torques 
come into play, since the aerodynamic and GG torques ’are 

the- rotating local vertical coordinate, 
system, and the total angular momentum of the Skylab was 
se.lectable within certain limits (imposed by the finite storage 
capacity of the CMG system). Since the aerodynamic torques do 

body-fixed axes) when, the Skylab is 
rotated about the ruslative wind velocity vector and gravity 

^°^ 9 ues do not change in body-fixed axes f.o.r. a rotation 
Of. 180 deg about any axis perpendicular to the local vertical, 

^ '^ith the same 

angle-of-attack/roll angle combination, but with bank anglei 
differing by 180.de.g,. i.e. there were actually only 6 basically 
different TEAs with respect._to the aerodynamic torques and they 
are indicated . in . Fig. 3-3 isy asterisks. The TEAs are shown for 
an altitude of 20.0 km (108 nautical, miles) and zero total 
angular .momentum. See Table 3.r.l. 
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TABLE3-1 , 
TEAS FOR a *3. llE-10 kg/m' 

e200 km OR 108 NAUT. Ml.) 


BANK 

ANGLE 


ANGLEOF ROLL 
ATTACK ANGLE 


124.9 



- 60.7 


CO 

BC 

6.66 

132.5 

6.94 

127.3 

3.52 

1 

250.5 

2.72 

324.9 

1 

i 

6.37 

138.9 

7.11 

124.2 


THE ABOVE TEAS ARE.FOR ZERO ANGULAR MOMENTUM AND 
A CP OFFSET OF I + 0.06, -0.07, -0.1 1 1"’’ m 
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Prom so. 1 1^4: pSnSl powst considerations a sun-pointing., inertially 
fixed attitude, as-given in.the SI mode, was the best and TEA 
ranged from good .to bad. Nine of the TEAs were unuseable.w.hen 
it was established that. 28 p.ercent-of full sun illumination was 
reguired for each orbit,, on the- a.verage, to supply the needed 
power (liJ0 percent- is the power received when the sun is 
perpendicular to the. solar panels and the .vehicle is in an 
all-daylight orbit,. as is the case for high sun elevation angles 
with .respect to the orbital plane). Only the remaining' three 
TEAS were usable, and these only when the optimum .angular 
momentum was used (each of”the .TEAs exists in a volume of the. 
BAR angle space when the total angular momentum is varied within. 
its available volume.) . Even . then,, some of._the TEAs did not have- 
enough power for certain beta angles. The three acceptable TEAs. 
were named T121P, T121G, and T275...and they are-shown, in. Figs. 

3-4, 3-5 and 3-6 where the point of . view is. slightly south of 
the or.bi.tal plane and the vehicle is moving from .the front lower 
left to the back upper right. t 275 was a low-drag attitude (the 
ballistic, coefficient was. approximately 275). with the MDA. 
trailing; T121G and T121P were both high-drag attitudes (the 
ballistic coeffiaients were about 121). In T121G the Skylab was. 
approximately in a GG eg.uilibrium attitude with the MDA pointing 
upward (the same attitude which Skylab had .been left in when it 
was deactivated in early 1974); in T121P the MDA was almost 
perpendicular to theorbital plane and pointing South. For. both. 
T121G and T121P the sOlar paaels were trailing and they were 
s.tatically stable with respect to aerodynamic torgues. T121G 
was also statically stable with respect to the. GG torques 
(therefore stable in all axes) whereas T121P was in an unstable 
GG equilibrium. Figs. 3-7 and 3.-8 show the variation in T121P 
for . different nominal angular, momentum commands; the variation 
was used to maximize power . 


3 . 1 . 2 . 3 TEA Seeking Method 


The assumption is . made- that the total external torque, T , 
acting, on Skylab. is changing linearly with the attitude, 
offset., , and tha.t the partial -derivatives of the torque with 
respect to the offset are known. . . 
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T121P (NO 








Evaluation- of the onrboard total angular: momentum chaage 
over, the desaturation interval, . t results in an 

estimate-Of the total e-xternal torques. 

I4«t = ( H ’ Ep YTAm (T,2 ) 


where H is the present total angular momentum and H p is its 
past value. The attitude o.ffset-from the, torque equilibrium 
attitude, assuming the offset is- canstant, is then 

lltj] 1*^ (T3) 


Changing the attitude refernce b.y - Atsi* would, ideally, 
eliminate a further angular momentum change. However, the 
pre.viously accumulated angular momentum away from a desired 
momentum state, » has to be eliminated during the next 
desaturation- interval .by 


The total required attitude, change is therefore 


(T4) 



This method for attitude, change eliminates, ideally, any inital... 
condition within two desaturation intervals.. (The parenthetical, 
expressions in Eq. T.5 were not combined since these quantities . 
had to be limited .separately) . 

In the Skylab software all angular momentum quantities.jwere .. 
normalized by the nominal angular momentum magnitude,. H, of. one 
CMG_and they were called e. Eq., T5 then becomes 


41'[S1DI'E|(6£B.•^A, -fiyl 


(T6) . 


where 



® linixled ‘ualue of Ae . 

^ep * 9 < a \ mtlimiied -ualue. of 


The reorientation capability of Skylab was limited and 
therefore 4# had -to be limited also. To avoid a large momentum 
offset overcoming a signal due to a momentum change, is. 

limited to a value which cannot command more then, about 80% of 
the limit on 4i . 

The actual reference change is . done by generating a quaternion 



A.Q.I J _ (T7) 

and updating the reference quaternion. 


QftL “ QbL (T8) 

S3 

(i IS defined in ejualion (t4) 
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3. 1.2. 4 


an c^ Petforitiance 


Nominal- flight parameteifs had to be continuously generated for 
several days in advance since the cdnditions tended to change 
(for example: estimated atmospheric density, estimated CP 

location, etc.). The data was given to the flight controllers 
in the form of tables (Tables 3-2 and 3-3 show the data DOY 
171.5 through DOY 174.5). Since the altitude decreased slowly 
and personnel needed time to get. used to the TEA operation, the 
SLOPE was not changed during this time period. ETLN (with- 
components ETLNl, ETLN2, ETLN3 in the— L system) is the._ 
normalized nominal angular momentum. . Z-AXIS BETA is the. 
elevation angle of the vehicle. Z ax.is. with respect to the- 
orbital plans. CD and BC are the. drag and the ballistic 

coefficients,, respectively... GMG MOM is the angular momentum in 
the CMG system and it is in percent of 3H. ETSF is the 
normalized . .and filtered total system momentum in vehicle 
components. QBLNOM is the nominal attitude reference quaternion 
Q AL (a QBL already existed in the flight computer, and could be 
used? therefore the. subscripts A and B are equivalent here),. 


Table 3-4 shows the. SLOPE MATRIX UPDATE LOG. The. first three 
columns show the date when the SLOPE was updated (DOY 171 
corresponds to 6/20 and DOY 192 to 7/11). The first entry is 
the start of TEA control rather than the time when the initial 
SLOPE was loaded. The index in the fourth column is added to 
facilitate correlation with Table 3-5.. Columns 5 threugh 13. 
Show the components of the. SLOPE as indicated- by the heading. . 
Table 3-5 shows what data was used to. generate the SLOPES. The 
slope generation parameters for index 2 and 3 are the same; the 
transpose of SLOPE 3 had been sent up. (SLOPE 2) by mistake, 
whereupon attitude control, was promptly lost. SLOPE 3 was sent 
as soon as attitude control had been, regained.. SLOPE 13 was 
used for a higher altitude than the one for which it was 
calculated, since a 6 hour gap in the .ground coverage eliminated 
an additional slope change and it was considered better to have 
the proper slope at .a lower, altitude and take a reduced gain at 
the. higher altitudes. 


Figure 3-9 shows the actual BAR angles for DOY 172:0.3:21 to DOY 
172:06:12 versus time, in secomds and the..predicted. BAR angles, 
are shown as horizontal, lines. It can also be noted that the 
BAR angle traces zig-zagged, indicating that the gain wae too 
high. As a consequence the SLOPE gain was later ..reduced to 0.5 
from 1.0, resulting in a much smoother trace. The actual BAR 
angles. are only correct to within the atrapdown error, which, 
due to the availablity of ACQ SS information, was les s than a 
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TABLE 3-5 SLOPE GENERATION PARAMETERS 
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BAR ANGLES (DOY 172:03:21/172:06:12) 



FIGURE 3-9 







^ correspondance between the nominal and the 
®®f”' indicating, that the prediction of 
j locations, as well as the aerodynamic 

coefficients, was much better than anticipated. The nominal BAR 

angles were generated assuming that the relative wind veloci.ty 

is antiparallel to the vehicle velocity vector, but reduced bv 
an amount appropriate for the earth rate. The nominal BAR 
angles are therefore the nominal average of the actual bar 
angles. Some of the good correspondence is due to the fact that 

"r to intluance- thi roll angu! 
J f F ■ smaller than nominal was very 

slope matrix, changed drastically such that 
than 90 deg was found to he unstable: the. 

actual slope components had changed sign. An initial 

unfavorable rate gyro bias could have changed the actual roll 

long before the graund would have had enough 
data to detect and correct for it. To eliminate this 
possibility, a favorable rate gyro bias, compensation Sas 

gyro drift, the. compensation would have eliminated it. As it 
turned out, the real rate gyro bias. was in a good direction aid 
the compensation had -to be changed to the. opposite polarity (as 
seemed to refute Murphy's Law, since anything 
hat could go right, would; also see the last paragraph of this 

about, orbital north was_ due to the relatively large 
negative, angular momentum bias in .the Z. axis (ETLN3 = -IH) which 
then was resolved into the actual X, axis thereby changing tSe 
equilibrium position draatica-llj. This Lsolutiil! als.i 
suggested the (at least tempo.rary) remedy: counteract it with’ 

an appro^priate amount of. momentum bias in the X^ axis. 

angles for. the three weeks of TEA 
ope-ration is given in Figs. 3-10, 3-11 and 3-12. The bank angle- 
la the loweat trace, the angle of attack is in the- middle, and 
men angle is the highest. Each figure shows, one week of. 

TEA operation. The horizontal scale is in days, the numbers 
indicate the start of a day. Only BAR angles from the ASAP 
tapes are shown, since they were saved in the ground computer ._ 

initiated on DOY 1.71:13:17 GMT (6/20/79) and 
Skylab impact occurred on DOY 192:16:37. GMT (7/11/79). During 

ofDO.Y 171 it can be seen that%.he av;rage ri??' 
angle steadily increased. This was due to the initial. rate gyro 
Dias (intentional compensation and basic bias). After 

nrfSTJJir .'f®® taken the angles settled close’ to their 

predicted values. P-igufes a-10 and 3-11 show, the BAR angles 

during the shift_in ETLN3 from -IH. tb 0 betweea DOY 175,5 and 
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BAR ANGLES, FIRST WEEK 























BAR ANGLES, SECOND WEEK 



FIGURE 3-n 
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DOY. 180.5, With the gradual removal of the ETLN3 the 
sensitivity to rate gyro drift was removed;. however, the. 
excellent control capability, over the roll angle (and with it, 
the drag), also vanished. In fact, the actual roll angle could, 
later not be influenced at all (the indicated roll angle also 
showed the effect of strapdown error about orbit north and this 
fact in conjunction with one fact that the actual roll angle was 
steady, allowed the use. of the indicated rbll an gle for 
strapdown update about orbit north). 

To illustrate the . evaluation, of the information on the ASAP 
tapes DOY .187 ; 16 ; 56 j 30 to DOY 187:20:56:30 are taken as an 
example. Table 3-6 shows the. basic QBL/time information, the 
equivalent BAR angles are shown in Table 3.-=7 and graphed in 
Figure 3-13. The BAR angles were always -evaluated for their 
average and a sinusoid of orbital frequency.- The latter was 
fitted by a least-square fit, after the average had been 
subtracted. The results for our example are shown in Figures 
3-14, 3-15 and 3-16. In the lower, left quadrant of each .figure 
there is a table of expected angle values (right column) as a 
function of the orbital angle (left column). Since the circle 
charts. (Figure 3-17) show this orbital angle, the tables were, 
used to check the actual BAR angles (live; from telemetry) 
against these reference. angles. 

The sinusoids in the angle-of-attack and roll angle were due to 
the relative wind direction oscillating about the vehicle 
velocity .direction (since the atmosphere rotates with the 
earth). The sinusoid in the bank angle was due to the In Orbit 
Plane (lOP) strapdo'rn .error and the appropriate strapdown update 
is shown in the upper left hand corner of Figure 3-14, both with 
respect to orbital midnight and. with respect to the actual time., 
the update is to be telemetered. For the. latter a resaljution of 
the error with respect to midnight had to be made. . 

Application of the various methods was severely hampered by lacJ<- 
of data and large delays, between the. ocurrence and- the receipt- 
of the data. If the strapdown error had- drifted substantially, 
there would have been, no way to correct it in time.. 
Fortunately, the rate gyro drift components .in the orbital plane 
(if constant) integrate to exactly zero in one_revolution and 
generally TEA control was not very sensitive to the drif.t. 
components along the orbit no-rmal. In-plane strapdown errors 
resulted from inaccurate navigation -updates and from the sun 
motion, of about one deg/da.y.. For data on strapdown errors the 
on-board ASAP tape recorder had to be run fo.r at least one full 
orbit (more consecutive orbits .were desired for noise content 
reduction) during a quiet state i.e. the last slope update had 
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TABLE 3-6 QBLTIME INFORMATION 
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THE AVEftAGE ANGLE Of ATTACK JS 101*51 



FIGURE 3-15 



THE AVERAGE ROLL ANGLE IS 121.47 
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HOTC - C'*? sa.*:ple valid only betueen 

SAUPLE POIMTS 1 i 2. 



to be done two orbits before and no other strapdowncoxrection 
was permitted. Once the ASAP tape waa dumped over a ground 
if took at least another half hour of data processing 
and parameter extraction to obtain results. The results were 18 
sets of^QAL's per orbit, which then had to be fed into the Sigma. 

appropriate programs. The 
mP^ prameters had to wait until the next 

ground station. The bottom line was, that the delay in the 
actual on board happening and the corrective action amounted to 
at least two..orbits, sometimes more... 

The ground support operations were aided by the "circle charts" 
(Figure 3-17) and telemetry formats (FORMAT 8 for TEA parameters 
is shown in Figure 3-18). The data on FORMAT 8 changed every 
second provided the Skylab was over a ground sfation, the circle 
charts were applicable, for one orbit. 

The circle chart has midnight at the 6 o'clock position; tbe 

®^® n»inutes from midnight, the inner ones are" 
orbital degrees from midnight. Orbital night time is indicated, 
by the heavy part of the circle. The boxes on the outside of 
the circle indicate the ground, station cov.erage; the ground 
stations^ were Ascencion (ACS) Bermuda (BDA) , Goldstone (CDS) , 
Madrid (MAD) , and Santiago (AGQ) . 

FORMAT _8 showed the present and the past ^e, the present 
attitude refernce change and any impending strapdown update 
Also shown were the filtered total system momentum (in 
units of H), the CMG momentum (in % of 3H) and. the. inner and 
outer. gimbal angles (to the nearest degree) plus their gimbal 

Of further -interest are the quaternions QA);i (QBL) , QVA, and QVI.. 
The allowed evalua,tion of the current BAR angles, the 

second showed how well the vehicle was following the attitude 
reference, and the third .indicated the attitude with respect to 
the solar inertial system .(useful for determining the closest 
approach of the sun line to the. center of. the ACQ SS which then 
was used for strapdown update information). 

The history, of the TEA control parameters, as well as the solar 
elevation angle with respect to the orbital plane are_shown in . 
Figure 2-7,. and 2-22 through 2-25. The biasing history of the 
rate gyros ..is shown in Figure 2-23 Only one rate gyro was still 
operating in the Y axis (Y3) , two each were, averaged for the 
axes (XI and X3; zl and Z2).. As mentioned before (cf.__ 
middle of 3rd paragraph of this section). the initially 
introduced beneficial bias had to.be taken out and replaced with 
a bias of the opposite sign. The fact that in two axes two rate 
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FIGURE 3-18 


gyro outputs were averaged allowed, us to work effectively with 
half. LSBs by biasing only one. of the averaged gyros with a full 
LSB* A trimming of the rate gyros to within about. 0.25 
deg/orbit dr if t was therefore possible. 

The large number of changes in ETLNl (Figure 2-26) reflect the 
considerable effort given, to. controlling the- roll, angle- to 
acceptable values. ETLN2 did not influence the TEA since it was 
parallel to the orbital velocity, but it affected the CMG gimbal 
angles and was therefore changed once (in two steps, to minimize 
the transients) to- improve the actual gimbal. angle, traces.. _ 

Simulation predicted that TEA. control in T121P was possible, down 
to about 140 km (75.' NM) and in T275 down to 130 km (70 NM) . At 
these altitudes the gravity gradient and precessional torques 
were no longer large enough to achieve zerO: external. torques in 
all axes simultaneously. Fortunately, Skylab was about to 
reenter on the most desirable orbit, one with the least 
population density beneath . it. This orbit, however, did go over 
the United. States, the southern part .of Canada and Australia, 
but most of it was over water.. Therefore, only a slight 
adjustment of the nominal impact point (which was in the 
Atlantic Ocean) was indicated and. there was_no. need to. maneuvar. 
to the low-drag, T275 attitude (this attitude was on an unstable 
equilibrium point in all. axes, and the equilibr-ia were much more 
precarious than the ones in -T121P) . The slight impact point 
adjustment could be achieved by going to a random tumble (with 
somewhat less average drag than T121P) at an altitude of. 15J3 km 
(81 NM) . This, was done by commanding a dela.yed maneuver from, 
the . T121P attitude to the solar inertial, attitude.. The latter, 
due to the high aerodynamic torques, could not be held, and a 
random tumbling resulted. On the average this random tumbling 
had the desired drag, which then lengthened the lifetime 
suff iciently to pla.ce . the nominal impact- at . the . desired 
location. 
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3. 1.4.0 

3.1. 4.1 


E QW Control (1 CMG) 


Introduction 


axis (Xp) 
experience 
convenience 
E0W2 and 1 
single CMG 


In March 1978 while developing concepts for controlling Skylab 
to a low drag attitude, much concern was expressed for the long 
term survival of CMG #2. Previous experience suggested this CMG 
might be close to failure and thus there, was much interest in 
the possibilities of EOW control with CMG #3 alone. At first 
w dismissed as impossible while the prospects. that 

both CMG s would operate for an additional 18 months was not 
encouraging. . Thus. EOW seemed destined to die before it was. 
..born because success, depended upon CMG hardware operational 
probabilities that were low. The existence, of a single CMG 
backup to EOW began to be a very important consideration. As a 
result, a closer, more imaginative look at the problem was 
undertaken. A technique was discovered to point the X-principal 
along the velocity vector. This attitude would 
nearly minimum drag as in 2 CMG EOW. Por_ 

in - this discussion we shall identify 2 CMG EOW as . 
CMG EOW as EOWl. A drawback was that, since a 
can only control 2 degrees of freedom, the vehicle 
would be uncontrolled about 1 axis. Since, it was_Xp we desired 
to point, this meant the vehicle would roll about Xp at an 
uncontrolled rate.. All electrical power used onboard mus.t 
eventually come from the solar arrays. It was necessax.y to be 
assured somehow of sufficient illumination, on the arrays to 
power the average load. Simulations ..of EO.Wl indicated that 
power would be insofficient when the sun elevation angle out of 
the plane waa less than 20-50 -degrees. The range was .due to the. 
uncertainty of exactly how much power was required as well as 
uncertainty in the ..components of the power system which would. 
..remain functional.. The momentum management scheme employed for 
EOW2 had been developed .with EOWl-in mind and thus would also, 
work for that case. The capability to control the. total vehicle- 
system momentum gave some control over the average spin rate 
about Xp. with this control a roll rate phasing scheme was 
developed which synchronized vehicle rate about Xp with the. 
orbit so that it would rotate an int.egral number of times per 
orbit. Thus EOWl offered some backup, capability for. EOW 
control and increased the o.verall probability for EOW success. 
As a result, even though it turned-out that it was never needed, 
it enhanced EOW prospects and contributed to the e.ventual 
decision- to proceed with Skylab reactivation. Also, since 
future vehicles may face, similar problems, EOWl control . 
techniques may well be useable in the future, giving additional 
redundancy, without additional. cost in hardware. 
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3 .ia .2 


Co ntrol and Maneu ver inq 


The attitude control and maneuverinc logic of thi» sicvi»k 

?«r ««''elopell!'lJis‘Sa8 nSt 2S2 

TstTulTtiTTTo TilTVo TelteTilTTL-lTT 

tSe^lpelozf ^atr1^Ll¥3?4?‘“ 

ss;=v=-:ilLli 

si:f5s^^ 


3 . 1 . 4. 3 


Momentum Manjagemen t 


y t ue. but was. approximately correct. This 
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sssumptlon impliss thr^b th<* torque is 
independent of the vehicle rotation angle about Xp depending 
only its direction. It is a characteristic of GG. torque that 
the component along the local vertical direction must vanish. 
Cylindrical symmetry forces the component along Xp to vanish 
also. Thus, the GG torque, must lie along a mutually, 
perpendicular direction. If Ur is. the outward pointing local 
vertical direction unit. vector , Uxp is the unit vector, along _Xp, 
la and It are axial and-transverse moments of inentia. Wo is the 
orbit angular velocity, then the GG torque used for momentum 
management is . 


2 

Tmm = 3 Wo (It - la) (Uxp • Ur) Uxp X Ur 


We can see from this equation that Tmm = 0 when Uxp and Ur are- 
orthogonal as they are nominally,. The nominal direction of Uxp 
was controlled to an angle fi, a, positive rotation -about Ur such 
that Uxp was along the. velocity vector wben fi. = 0. Small 

deviations from this were commanded to dump momentum that 
accumulated in the system.. 

The momen.tum storage "space" 'of“"CMG #3 was approximately a- 
hemispherical surface., centered about the. negative, vehicle X 
axis. The control law exchanged momentum between the vehicle 
and .the CMG along, the. 2 axes normal. to Xp with no concern for. 
the parallel. .component other than it should remain negative. 
Thus as the CMG was mo.ved about in controlling the direction of 
Xp, vehicle rate along Xp varied. The momentum scheme worJted to 
maintain the total system momentum .near null, and this kept CMG.. 
#3 close to -Uxp and hence the rate about Xp tended. to' remain 
constant at a ..value determined, by adjusting the commanded 
momentum bias (ETN) along the orbit norjnal. The momentum 
management scheme maintains the average momentum at. the desired 
bias value. The value of this bias, determines the average r.oLl 
rate. The roll rate was also a function of the angle of the Xp 
axis out. of the orbit plane. It increases as Xp goes above the 
plane, and decreases below. This feet was key in’the roll rate 
phasing sqheme. 

Derivations- will, be found in a detailed report on EO.W._ 
Essentially as in EOVV2 a. specified periodic nodding . motion 
about, an axis parallel to Jir X Uxp was imposed on the. vehicle 
with small variations of this, as required to dump momentum. The- 
so-called nodding angle was adjustable but was generally kept - 
less than .15 radians. These small variations would have-little 
effect on the average drag on the vehicle which depended mainly 
on fi. 
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3 . 1 . 4. 4 


Strapdown Maintenance 


A problem of much concern for EOWl was the maintenance of an 

reference or strapdown as it was also called. 
In E0yy2 the inclination angle of the solar arrays were 
controlled such that the sun sensor would nominally sweep across 
the center of the sun once per orbit allowiag a 2»axis update of 
the strapdown. By this method alone^ no corrections of: 
strapdown offsets about the vector to the sun were. made. This, 
error was corrected by onboard software that related inplane 
bias, torques to strapdown. errors about the sunline. This was 
done through a rather low gain and caused trouble as mentioned, 
elsewhere. For EOWl strapdown maintenance/ we could not count. 

thus decided to rely entirely on momentum 
error, could be extracted .from that. This 
method was not as accurate as sun sensor data but would keep the 
errors within tolerable bounds. Our aimulations showed that 
this -techni que would work 3a bisfapt!nrily. 


3. 1.4. 5 


Effects of Rate Gyro Drift 


Rate gyro drift is defined as the rete difference between true 
body rates and those, sensed by. the gyros. For our purposes 
these can be thought of as .2 types: 1, Eias or constant drift; 
and 2. Scale factor error or drift proportional to the true, 
rate along the sensing axis. Previous experience in SI 
indicated the bias values, were extremely small. Therefore, only 
scale factor errors could generate significant drift. Gyro, 
specifications required a scale factor error, of. less than 1 
percent and thus drift rates from this, source were limited to 
less than 3.6 degress per orbit. Thia is a substantial drift, 
however, which would produce intolerable errors in a very few 
orbits if uncorrected. The primary corrections means available 
was by gyro bias -compensation which was already setup in the 
flight software. In EOW2 the gyro drift generally caused the 
strapdown offset to grow along the orbit normal while remaining 
small in...the plane because af the once-per.-orbit ratation of the 
vehicle about the orbit narmal. This causes the gyro drift. ' 
which is constant in body axes to be resolved, into inertial 
space as constant along the orbit normal and sinusoidal in the 
plane. This condition was modified somewhat by EOWl control. 
Since there was a rotation about Xp, constant drift nates in the 
body no longer, resolved necessarily iato constant rates along 
the normal and the drift was even., more randomized meaning 
strapdown offset growth tended to be slower. The gyro ..bias 
compensation was leas effective since it's effect was also 
randomized by the rotations described above. Thus ground 
supplied strapdown, update biases available in EOWl software 
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to 

the 


correct for solcr 
SI frame mot ic‘"i -but 


were used. This was included primarily 
motion and orbit regression effects on 
would as well correct a gyro drift induced offset provided it. 
was reLgnizer in timeV Simulations did not seem to show a 
severe problem here but it was a concern. 


3. 1.4. 6 


Roll Rate Phasing 


As mentioned previously in the EOWl introduction, a roll rate 
cln«sr sihemrw.s- r.quited to assure adequate =leotti=al power 
availability. This was done by adDusting in ® 

fashion the parameter ETN the .commanded average bias momentum . 

itoSr the or?it normal.. The actual system. '"OJ'ftum was 
sinusoidal and nominally centered around ETN. , 

about Xp relative to local vertical coordinates was averaged 
over 1 orbit and mixed with the roll angle 
then was converted by a gain into a AETN to ad 3 ust ^jj® 
correct the rate phasing so that the solar arrays would, point to 
tte lun or otL? desired direction, at the appropriate place rn 
the orbit. This technique was difficult to do. in. practise bu 
las made to \iOxk fairly well eventually in that it wouW 
converge to the proper phasing from, an arbitrary start. The. 
fluctuations were, sometimes rather large approaching 50. degrees, 
or morfbu? phasing seemed, to hang in there. This seemed^ about 
the best that could be. done in the face of all. the ^ther. 
variables.. That all these things worked at all seemed at times 

miraculous. „ 


3. 1.4. 7 


Conclusion 


It is perhaps unfortunate that a chance to try. out 

EO.W control never occured.. All the bugs seemed to be 

out of the basic scheme by simulation and many of the lessons. 

learned from 2 CMG EOVV were [Js® 

of the momentum computations and of the ^®®° ^ 

<!traodown corrections. Procedures were developed for 
initialization in EOWl and some thought given, to maintenance 
sSih as Idjis?meits of roll rate phasing and strapdown updating, 
but actual flight experience would ha.ve allowed us t 

deLnsIcate the. techniques and smooth out the rough edges as was 
done _in E0W2. 

mho himp and effort spent on EOWl should not be considered 
wasted. Much valuable experience was gained 

implementing the scheme~into computer flight code.. A jackup 
mode wS discovered that was previously thought _to be 

impossible. Also, there are future vehicles such as the 25 


1.4.5 


Power Module to which these developments could be applied*. This 
scheme -Would provide additional control redundancy at little 
natural^step ^ CMG backup mode based on BOWl would be a 


3.1.5 


Rate Gyro Biasing 


tea the vehicle nominally rotated about orbital 
north. Any rate gyro drift along this .axis resulted in a total 
strapdown drift. Any rate, gyro drift in the orbital plane 

orbit. The Skylab software was only 
accommodate rate, gyro bias compensation, but not a 
scale factor compensation. As indicated -by the near perfect 
operation in the SI mode, there was no. need for a true bias 

f a_false bias compensation could be used 

to compensate for a scale factor error, but only for a given 
angular velocity component along the particular vehicle axis 
The same scale factor error required ?hen a diff«ent blls 
compensation if the vehicle was rotated and the raU“lSnq this 

Sethod^ia^used.''^^"®®'^' aame in town”,^this, 

suitably averaged over several orbits, 
could be used to determine the to.tal POP gyro drift. Due to the 
lack of any other information, this drift was prorated along the 
vehicle axes acco.rding to their POP direction cosines. The bias 
compensation had a resolution of about 0.5 deg/orbit. In the 

in®®EOW-^ were averaged (all'axes 

a effective resolution -was- 

since one LSB .bias change in one gyro only had 
the effect of 0.5 LSB for the averaged, output. The varying roll 

change from EOVV A to EOW B 
as to which gyros should have what bias, 
aiding somewhat in predetermining what biases to use. for the TEA 
control. Rate gyro, integrals were used in the. averaged axes to 
to., divide- the biasing between the individual gyros 
(the-bi.ases were applied such that .the .integrals did-..not diverge 
from each other in the same axis.). oiv-erge 
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3.2 


THRUSTER 


The use of the Thruster ^Attitude Contcol^^Sv>3tem^ 

necessary element in.gainin^ a , Skvlab Reactivation 

various maneuvers required til limited 

Mission. the manned mission, careful 

amount of onboard propellant resources was.,necessary to 

management of. the tivatJon miss.ion. There were no 

SS?5rs?rfLhurero'r%efe?ts^relJ:;Uunt lesKe.e of the TACS 
throughout its orbital life.. , 


3.2.1 


System Descript io_n 


The Thruster Attitude Control Syste,t (TAGS) is one elemw^ 

is . 

Figure 3-20. The propellan . u?. foot titanium jspherioal 

supplied from nSntSiuer S? thruster via a, 

^Sir-S^LnraSriSleSSSd IT 1 .I a schematic of .the TAGS 

hardware is presented in Figure 3 2d. 

Gommands for TAGS tir.ings are ''ti'^Spln 

Mount s pSSviSil trom the' Airlock Module, 

solenonoid control valves i ^ . a r_ either a. Minimum 

power buses. ^'^0^^100 Percent duty cycle (FuU-On) mode 

Impulse Bit (MIB) o.r 10 attitude or rate errors., 

according to the magnitude o. varied from 5^ milLiseconds 

firing is defined as a counted as individual. 

duration. Firings of longe - . . nutnb'^r of seconds of the 

one second F-ull-On firings _egual to the number or seco 

firing command. 

A description of- the. Slsiori^ performance 

System together with a- report on 1 o be found in 

r/erei-Jl 4 !^lk^ 5 rncf 5 ^pfo^v^d^^s a^det^riei description of th.e. 
TAGS . 
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3 . 2.2 


Reactivation Mission Performance Summary 


When SKylab was successfully recontacted in March of 1978, 
telemetry data indicated that all TAGS elements were in .the. same . 
configuration as that following system deactivation in February 
197i« The TAGS propellant supply pressure was approximately 3.9 
million N/m*j(560 PSIA) with an average supply temperature of 
268 k (21 P) , This relates to a propellant mass of 

approximately 138 KG (305 lbs) which, is the same as that 
calculated at the end of mission in February 1974. This 
indicates .that there was_no measureable system leakage during, 
the four year quiescent storage period which is consistent with 
the lack of detectable leakage during the . nine month manned 
mission. 


3 . 2 . 2 . 1 TAGS Usage Summary 


The TAGS was required to support the. Reactivation Mission 
attitude management during two periods.. During the first 
period, (.June and .July of 1978) TAGS, was used to support the 
maneuvers required to. place Skylab in the low- drag 
End-On-Velocity Veo.tor (EOW) attitude, and to pro.v.ide backup 
attitude .. control required because of early mission system 
problems. During the second period (June and July 1979) TAGS 
was used to support maneuvering to the Torque Equilibrium 
Attitude. (TEA) and during the final reentry maneuvers. In order 
to assure conservation of TAGS propellant, the TAGS waa disabled, 
during much of the time between these two periods. Section 2 
provides a detailed description of Skylab Attitude management 
during the Reactivation Mission including a definition of all 
attitudes and operating modes.. A summary of TAGS usage during 
the Reactivation Mission is presented in Table 3-8. The first 
Reactivation Mission usage of. TAGS occurred on June 9th, 1978 
whea the vehicle was placed under TAGs control and the rotation 
rates which had accumulated during the quiescent storage period 
were, stopped. TAGS was then used to support the maneuvers to 
acquire, a Solar Inertial (SI) attitude. After successful 
acquisition of SI a problem with switch selector #3. caused .GMG 
#3. servo power to be turned off with a. resulting loss of GMG. 
control. This resulted in an increasing a.ttitude error in the X 
axis such that TAGS, only control occurred three, times, during 
this period using approximately 100^ lb-sec impulse each time. 
On June 11th the vehicle was successfully maneuvered to the EOW 
attitude.. A total of 9569~lb-sec impulse was provided by the. 
TAGS during this. peri od. 
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TABLE 3-8 


tacSl usage summary 


DATE 

EVENT 

IMPULSE . 
USED fLB-SECl 

9-n JUNE 19Za 

STOP VEHICLE ROTATION RATES AND MANEUVER - 
TO SOLAR INERTIAL (SI) ATTITUDE; MAINTAIN 
CONTROL WHEN CMG #3 SERVO POWE9. WAS INAD- 
VERTENTLY TURNED OFF. 

9569 

28 JUNE 1978 

ASSIST CMG CONTROL AND MANEUVER FROM END 
ON VELOCITY VECTOR (EOVV) AHITUDE TO SI 
BECAUSE OF MOMENTUM MAflAGEMENT PROBLD1S 
IN EOVV. 

292 . 

B-JULY 1978 

MANEUVER FROM SI TO EOVV. . 

475 

19 JULY 1978 

MANEUVER TO SOLAR INERTIAL FROM AN UN- 
I KNOWN AHITUDE: (ATTITUDE CONTROL WAS. LOST 
ON JULY 9TH- DUE -TD ELECTRICAL POWER- 
PROBLEMS) AND MAINTAIN CONTROL IN THE, 

TACS ONLY MODE DUE TO CMG MOMENTUM PROBLEMS 

3375 

25 JULY 1978 

MANEUVER FROM SI TO. EOVV 

279 

20 JUNE 1979- 

MANEUVER FROM EOVV-B TO TORQUE EQUILIBRIUM 
ATTITUDE (TEA) 

373 

2« JUNE 1979 

MAINTAIN CONTROL AND REACQUIRE TEA CONTROL 
WHICH WAS LOST DUE TO AN -UPLINK OF.THE 
TRANSPOSE OF A SLOPE MATRIX UPDATE.. 

1092 


n JULY 19Z9 


SUPPORT TUMBLE I1ANEUVER DURING REENTRY 


6825 
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On June 28, 1978, after 17 days in EOW, large momentum errors 
and Z axis attitude errors were observed and the decision was 
made to enable TAGS. control to assist the CMC Control System. 
After one orbit, approximately 100 lb-sec of impulse had been 
used without significantly improving the . CMC momentum state. 
The decision was .made to return to Solar. Inertial attitude with 
an additional 192 lb-sec of TAGS impulse required to achieve 
steady solar inertial operations. 

After. the momentum management problem was understood and 
on-board software modified, the Skyiab was. returned to the EOW 
attitude on July 6, 1978. This was- accomplished by first 
maneuvering to an offset ZLV attitude and caging the CMC ’s while 
Skylab v^as performing in a rate only control mode under TAGS 
control.' This, is a minimum TAGS usage, cage procedure. After 
the caging operation was completed Skylab was commanded into the 
EOW control mode.. The total amount of 'TAGS impulse used for 
EOW acquisition including _the ZLV maneuver and the GMG cage was 
475 lb-sec. 

On July 9th, 197.8, Skylab attitude control was lost when the ATM 
batteries automatically tripped off line due to low voltage. _3y 
July 18th the batteries were sufficiently charged to attempt to 
regain attitude. control and GMG Spin-up was initiated. By this 
time Skylab was rolling approximately four revolutions per orbit, 
as determined from telemetry data.. On Ju.ly 19th, the TAGS was 
used to maneuver the vehicle to the solar inertial attitude 
where the_solar panels were in the. field of view of the sun.. 
Due to momentum problems which accumulated after; the SI 
acquisition maneuver, an automatic s.witch to TAGS only control 
occurred when the X axis error' reached 20 degrees. 
Approximately 3375. lb-sec of TAGS impulse was. used during the 
TAGS only control mode period and to acquire the SI attitude.. 
Approximately 2000 of the 3375 lb-sec impulse was used in the. 
TAGS only control mode. Because of the limited TAGS propellant 
remaining, the flight program was- modified to prevent . any 
further automatic switch ojs^er to . the TAGS only control . mods. 

On.. July 25th, Skylab was. maneuvered from the so.lar inertial, 
attitude to the end-on-veloci ty vector attitude using, 
approximately 279 lb-sec of. TAGS impulse. This maneuver was 
very similiar to.the July 6th maneuver described above. 

Between July 25th 1978 and June. 20th 1979, there were two Skylab 
maneuvers,, both of which were managed without the use of the 
TAGS. The first, on .November 4,. 1978, was a maneuver of 180. 
degrees from the normal EO-W or ient.at.ion (EOW.-A) with the MDA 
pointing toward the positive velocity vector. to a new 
orientation (EOW-B) with the- orbital workshop leading.. The 
purpose of uhis maneuver was to provide the most favorable 
thermal conditions to reduce the stress in GMG#2. The second 


maneuver on January 25,. 1979 was from the EOW-B attitude to the 
solar inertial attit^ude for the purpose of reduced operational 
maintenance since •■‘Xtending Skvlab.'s orbital life was no longer 
a mission objective. . 

The next TAGS usage occurred on June 20th, 1979 after nearly 

eleven months of non-use. The onboard propellant mass of 113 _ 
lbs remained constant during this . period reconfirming a leak 
tight system. On June 20th 1979 the Skylab was maneuvered from 
the solar inertial attitude to. a Torque Equilibrium Attitude- 
(TEA). The total maneuver • to TEA Control, including an offset' 
ZLV maneuver and CMG-caq e use d approximately 373 Ibrsec of . TAGS 
impulse. . 

On June 24th, 197.9 TEA control was lost when the transpose of^ 

the desired matrix relating momentum errors to attitude errors.... 
abo.ut the torque eqiiilibrium attitude was uplinked.. The erxor 
was .corrected and TEA rea.cquired. The entire, process of losing 
and reacquiring TEA control uss..approximatelY 1092 lb-sec o.f,. 
TAGS impulse. Although this usage was unplanned, sufficient 
propellant remained to support reentry maneuvers if required. 

The last TAGS usage occurred on July 11, 1979 approximately 9. 
hours prior to the Skylab reentry. The TAGS firing limit was 
updated to its maximum value and Skylab was commanded to a solar 
Inertial- attitude. While maneuvering, to SI., the aerodynamic 
torques . increased significantly, causing TAGS firing in. an. 
attempt to maintain control. Whej:i the TAGS propellant was . 
expended, control authority was lost and the aerodynamic, torques . 
put the vehicle into a tumble. This tumble was initiated, to. 

obtain a predictable average drag during thr. final hours of 
reentry to support computer reentry predictions programs. 


3. 2. 2. 2 . TAGS Performance Data 


When Skylab was. reactivated in March 19.7.8 there - was a total 
impulse of 22,280 lb-sec available for supporting, the - 
reactivation mission. Impulse usage . during the reactivation . 
mission is presented in Figure 3-21.. Total impulse calculations .. 
were based on the propellant mass remaining following, each TAGS _ 
usage period as presented in Figure . 3-22. Propellant mass 
calculations., are dependent on the average gaseous nitrogen 
supply pressure, from two supply manifold pressure measurements 
and the average supply temperature as determined from six 
nitrogen supply sphere temperature transducers which were 
distributed among the 22 suppl.y spheres. Since the initial 
loading of the nitrogen supply was at a high pressure,, 
approximately 3000 psia the supply pressure -transducers were by. 
necssity of a high pre ssure range of z ero to 3500 psia.. The- 
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potential instrument error resulting from using these high range 
pressure measurements to calculate mass at the relatively low 
supply pressure experienced during . the reactivation mission 
could result in relativily. high mass and impulse errors. 
Therefore, the results of analyses conducted using these 
pressure measurements were considered to be approximations.. 

The GNf supply pressures,, temperatures and thrust available from 
TAGS thrusters during the various usage periods is presented in 
Table 3.2-2, The thrust calculation, is dependent upon the 
supply pressure with the assumption of a 7% drop from the supply 
pressure manifold to the thrusters during flow conditions. This 
pressure drop value had been determined by analysis and test and 

proved to be. valid when used during the manned mission s ystem 

analysis. 
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TABLE 3-9 

TAGS SUPPLY PRESSURE. SUPPLY TEMPERATURE AND THRUST 
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3 . 2.3 


Conclusions and Les sons ; Learned. 


The cold gas propulsion system used to support. Skylab attitude 
management has proven to be extremely reliable throughout tho 
Skylab manned and reactivation missions. There were no hardware 
anomalies and no -indications of propellant leakage throughout 
the more that 6 year orbital . lifetime. The all brazed 
propellant supply system and the thruster valve design provided 
a leak tight system. , Although the propellant supply was 
sufficient to support all manned and reactivation mission 
attitude control requirements, careful management of . propellant 
resaurces were required, due to higher, demands on the system than 
had been anticipated prelaunch. While the TAGS could have used 
additional gaseous propellant supplies, the Skylab environmental, 
control system had an excess of gaseous oxygen (approximately 
2200: lbs) and gaseous nitrogen (approximately 100* ibs) at the 
end of the reactivations mission. Should a future design use 
two similar systems, an interface between the two supplies with, 
ground^ interface control may prove beneficial. However,, 
potential decreased reliability impacts on both, systems and the 
intermixing of oxygen and.nitrpgen supply systems, as would have 
been the case for Skylab, would require considerable analysis 
before such and interface design concept could be incorporated. 
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3.3 - 


CONTROL MOMENT GYRO (C Mgj__S^tM 


3.3.1 


System Description 


The Control Moment Gyro (CMG) consisted of a^"^otor_dr.iven rotor 

which was gimbaled to provide two degrees of- freedom 

limits of the jelectrical. and mechanical stops. The ' 

CMG. 

Three vehicle mounted doubled gimballed CMGs , 

momentum exchange devices for maintaing vehicle attitude. Th- 

S? ?nrpain?ipae^P =onse.v.t.on oP 

vehicle momentum plus CMG momentum f 

change, in vehicle momentum was_equaL, to zero.. . ^ g 

chance in vehicle momentum due to e>^ternal torques (i.e., 
gravity gradient or. aerodynamic) was oompensated . for by an equal 
and opposite change in CMG, momentum,. 

TO co^P^J^^te ""ftem!'‘’“?hie*wam°lc«mpll.she^ rate 

ir;ttS’cLmfn"dl%o\hi“SGlUtlfwefe'clmpu?efl^t^^^^^ 

^e?riierd^^^J?p?ion^rf%hr%t Lb^^y;-an 

utilization in the APCS may be found in Refetence 4. 


3.3.2 O rbital Storage 


!^v^r^tJ f ir ''?ie ^P^rf^rmtn^: ^ 

inrifatrs- 

^irt ''SgJSgi-r -a^^t Tn tp?lnf f^^arn-haa^S^^u^^ 

the beginning the^^whoel^^oavity. The pressure 

IfirerciG^rnvert'eH^^ 

this- did not_af feet the- CMG per fornlnner . 
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CONTROL MOMENT GYRO (CMG) 



INNER ACTUATOR 






3.3.3 


Mactiyatlon Mission Operational Performanc e 


THe main conce.rn with the CMG system perfoxjnance during the 
1 ^ . ®®>^tered around CMG #2. On DOY 327 of 

^4 original Skylab mission, GMG #l-was powered off. 

via DCS commands af.ter*an apparent catastrophic wheel bearing 
failure. . An investigation was initiated to analyze the ^3ata 
from the 30 days prior to the DOY 3,27 to determine if there was 
a signature of the CMG parameters prior to failure. It was 
discovered through this analysis that there had been four 
anomalies'' or "distress points" before the failure.. A distress 
point is characterized as. the following: _ 


1) One bearing temperature increases more rapidly than the 

Other 

2) An increase in phase current 

3) A decrease_in wheel speed 


These would -occur almost simultaneous, over the. same time, period. 

The first distress point was noted, about 20 days prior to. the 
failure^and the fourth distress point began approximately one 
hour before the first indications of a catastrophic failure. It 

during, the CMG #1 failure characterization., 
tnat CMG #2 was also exhibiting the distress point signature. 
Between DOY 323 of 197,3 and DOY 23 of 1974 a total of 39. 
distress, points were observed. (Reference 4). Oji DOY 23, a 
distress point signature started that lasted for a long period 
of. time and would recover, for, only brief periods. This 
signature, persisted essentially until CMG #2. was powered off at 
the end of the cr.iginal Skylab mission., CMG #3 did not show any 
of the jaistress point, characteristics. . 


Therefore, ther.e was much concern about the health of CMG #2 for 
the Skylab Reactivation Mission.. To help control the amount of 
torque, applied to the CMG wheel bearings, the requirements for 
the initial EOVV. software (FF81 buffers 1-8) provided for the 
capability to update the CMG gimbal rate . limit .( J. ) . This 
allowed the- flight controllers to uplink a large / when. maximum 
control authority ^ was essential and to. reduce. A during 
relatively quiet periods to mininuze stress on the (5lG wheel” 
bearings,. During the o.r.iqinal Skylab mission, 4 had Jaeen 4 
degree/secOnd whereas during most of -the EOW operation, was 
either 1 or 1/2 degree/secOnd. On soma occasions, such as 
duc.ing the solar inertial opexation over the first, long period 
Of no station Coverage on June 9 and 10, 1978, following the 
regaining of CMG control on July 20, 1978 and during initial TEA 
control operations, was increased to 2 degree/second. 
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'^xi:or»r>i7^''y throughout tho mission.,. 
The CMG^ bearing^ tomp'>r'5tucos> who-^l currents and wheel. spAods 

tho p,e,oncA of the CMG stress point 
*. PettO-rmOd nominally from tlve time of 

initial control, acquis it tan on Juno 9 , 1978 (DOY 160) until tho 
#2 bearing temperature- of CMG #2 drooped .below 63 degrees P on 
September 22 1978 (DOY 265). On this day, the firs?^s!qLL?o ' 

or a CMG #2 distress point during. _EOVV operation occurred 
days later, on DOY- 268, a second^ signature was Srvod , 

Piai?r3 2^^’ n. •' signatures are shown On 

During the akylab. reactivation mission, a total Of 
18 distress points, occurred. These are listed on Table 3..-10 with 
tne date,, beta angle, bearing temperature and mode of operation. 

indicated that the stress points, were 

iSbricitien'' Sna retainer" instabi 1 ity aggrav.ated b.y marginal, 

u rication and was a function of bearing terape.rature.. The. 
bearing temperature, of CMG #2 while in the EOW. mode is a 
function of the beta angjo. A. plot of the #2 bearina 

ver.s.us beta angle for EOW.-A is shown in 
wh!n As shown in. the figur«, the atr ess point. occur red 

when the^beta angle was less than .-45 degrees causing the #2 
bearing temperature to drop below 63 degrees P. At this time it 
was estimated that the minimum temperature required to avoid 
stress- was- appraximately 65 degrees P. - ^ 

maintain the bearing, temperature- above 65 degrees P, 
pow n developed for. flying the-vehicle. backward in th^ 

EOW large negative sun angles and forward in -the . 

? / large_positive sun angles (section 2). An 

?hf advantage- of these, modes was that while it prevented 

^ prevented the ATMDC "from 

becoming too .hot (See Section. 3.6) . 

It was planned to change modes between .EOWA and EOWB only when 

is angi 5 would become greater.. than 

40 degrees (-40 for EOVVA and +4.0 for EOVVB.) . This was 

sufficient to keep the bearing .temperature- above 65 
degrees F., see Figure 3.-26 fer-a plot . of "the #2 bearing 
emperature versus beta angle in EOW B. However, on DOY 346, 
at a beta angle of 16 degrees and. CMG bearing temperature of 78-. 

T' fourth distress point occurred'. -JThis was the 

first distress point- in EOW B., 

Of the stress point minimum 
temperature was revised upward to app-roximately 80-85. degrees. 

oco*' “/ distress points occurred on DOY. 348, 349, and- 

358 (see Figure 3-27) it became evident that the vehicle would 
require an EOVVA/EO.WB transition for each pass through zerc 
beta. Ry this time, however, the decision was made to. abandon 
plans for a reboost/deorbit mission. 
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CMG NO. 2 BEARING TEMPERATURE, WHEa CURRENT AND WHEa 



C ON OWO. I ON OW3 


2 -<6.6 -M l ' 41 3 

BETA ANGLE fOCOAECS} 

FIGURE 3-24 


TABLE 3-10 

CMG 12 DISTRESS MINTS DURIilfi THE SKYUB REACTIVATION MISSION 


265(I97S 


beta 

Angle 

(Degrees) 


lieu ring I 
Tomporaturc 
( F) >lode 


lOVY A. 


pOVT A 
IOWA 
EOW B 

EOW B 


Ceninicnta 

Minimum temperature, to 
avoid stress believed to 
be-65®F. 


First distress point 
in EOW B . 

Estimate of distress point 
minimum temperature re 
vised upward. 


356 



1(1979) 


|EOW B 

Ieow-B 


EOW B 


EOW B 


iOW B 


EOW B 


Plans are made to rotate 
vehicle on each pass 
through i^ero beta. . 

CMG #2 is pointed toward 
the sun. 


It appears that distress 
points will be unavoidabl 
for low beta angles^ 


EOW B It is feared that the 
CMG lubrication is 
evaporating. 

EOW B 

Solar First distress point . 
Inertial in solar inertial. 


Solar 

Inertia] 

Solar 

Inertial 


I^is feared, that the 
S” offset is not enough, 
patch is started to 
allow 'arger offset . 


Solar 

Inertial 


Solar Last distress point. 
Inertial temperature stabilizes. 
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TEMPERATURE OF CMC NO. 2, BEARING NO: 2 VERSUS 




CMG NO. 2 BEARING TEMPERAtURES, WHEEL CURRENLANDWHEa SPEED 
SHOWING THE SIGNATURE OF DISTRESS POINTS 4, 5, 6 AND? 
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346 , 347 348 349 350 


-1 ) 1 T 1- 

351 362 353 354 365 


-t- 

358 


357 


-i h- 

358 359 




beta AHjQLE (DEOREESI 


FIGURE 3-27 
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Between DOy 365 cxf 1978. and DOY 2 of 1970 

points occurred. These t-nnv i97J, six more distress 

negative in the EOW b mode whir<h^ see when the beta angle was 
«t.etly on the cS^ oppjjrld »« Shining 

be unavoidable for low beta ^ ® rfow 

rotated each beta oasa ° t? ®" 9les even if. the vehicle was 
lubrication wee® evap««ing“and®“thiJ®®J-*!‘’ the * c5§' 

oeeut at inoteaslngly'^hlgher%emp«jtS?e3.‘^*® 

th. X atie. that cS;?d^® ^S^^^daTV £3^ 

lmmedia.tely upon acquiring the. st ^ 

temperature began to fall («aa v ®^^^tudey. the bearing 
first distress point in the solar^ino?l?^®i 26# the 

more distress points occurred. Pour 

was feared that the 5 decree three days, it 

adequately warm ^the^^^cSI! ""^T^r'e^ore^^ suffiefeni lo 

generated to allow laroer offeo+.2^^®^°^® * ® program patch was 
portion of the orbit and omef? the dayligS? 

updating and gravity gradient dumo*^ strapdown 

implemented however because af?e Program. patch was not 
following SI acquisition distress poi^ 

the^^^n^ n ®PP‘^®*lmately 75 degreenn^^Prn bearing 

Of the Mission, there were no furS«1lsfrl«"poiSt‘s' 

3 3 4 . 

Conclusions and Lessons Leema/q 


dloiLr®Sat®''in^'eddi?-‘'''‘°“° diatres 

temperature, that th^ marginal 

the caSr of al 

stable, the CMG behavior was°norni 
orbital storage had no detrimental 

associated electronic system^n,. 


s points, it was 
lubrication and low 
so contributed to 
temperature became 
also concluded that 
the CMGs or their 
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BEARING NO. 2 VERSUS BETA ANGLE FOR SOLAR INERTIAL 
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3.4 


OMOjMAL PAGE IS 
OF lOOR QUALITY, 


RAin-i GVRC S 


3,4,1 . Syst e m Poser Iption 


The ATM Rate Gyro Processor (RGP) consisted of a single Kearfott 
series 2519 rate in±egrating . gyroscope end the e.lectronics 
necessary to operate it in the rate mode, and was. contained in a 
rectangular enclosure 30.28 X 21..74 X 14.60 centimeters. The 
RGP weighed 5.58. kilograms. Three- rate gyros were utili^ised. on. 
each, of the. vehicles 3. control axes (X, Y. and Z) During the 
original Skylab mission excessive drift in thesa gyros was of 
great concern (Reference 4). Because of this. a special set of 
six gyros (the six pack) was developed and instaLled in Skyl.ab 
during the th.ird manned mission.. At the. end of the original 
Skylab mission the gyro -configuration was as shown in Pigiite 
3-29... Six pack # "5'1 gyros .replaced # "1" designated gyros in 
the. software while six pack # "6" - gyros replaced the # "2" 
des.ignated gyros, in the softw.are. XI and Yl rack rate gyros 
replaced the # "3" designated gyros in the software while the Z3 
rack gyro retained its original designation. 

3..4„2 React ivation Mission .Summary 


On March 11, 1978, power waa transferred to the Skylab. APCS bus 
for aporo-ximately 5 minutes. This was the first time power had 
been applied to the rate gyros since the. original Skylab mission 
shu-tdown on February 9, 1974. At this time, 5 of the 6 
gyros in the "six-pack" came on and. were, operational.. The y 2 
rate gyro did not respond and was .assumed to have be.en lost. 
Several weeks after the Skylab rcoctivation had been 
accomplished, the Y2 rate- gyro . inexol icably came to life- and 
performed -normally until April 23, 1979, when it again failed to 
operate . 

The X2 rate, gyro F.ailed to Operate se\^?ral times durir.q. the 
reactivation mission, but it. would later resume nominal 

operation. The X2 rate gyro anomaly wos not a hard failure cand 
sugg.ested a failed intermittent power sunply or electronic 
C-ixeuit, rather thcon <a failed_gyro. . 

On April 23, 1979, •xamination of the real-time telemetry data 
showed that the Yl rate gvro was Providing erratic outputs.. 
Although the Yl. rate gyro., was dorlafed failed, because its 
signal characteristics hnd degraded, it wa-S’ still operating apd 
indicating xa.ts -measure moot h ..a fc reentry. 
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While in-EOW operations, on January 12, 

telemetry showed that, an error had been detected between the 
controlling Z-axis rate gy':os Zl and 

that the Z3 rate gyro output had failed to zero and fligh 
controllers configured the Z axis to use rate gyros Zl and Z2.. 
The failed Z3 rate gyro was one of the three i^perating gyros 
mounted on the ATM rack. These rate gyros were exposed to a 

hard vacuum and an uncontrolled .temperature 2?vlab 

but the Z3 rate gyro.. operated_ throughout the total Sky lab 

mission. . 




Conclusions and Lessons Learned 


There was no evidence that . orbital storage had any adverse 
effects on the rate gyros. Even with all the 9 yro 
anomalies enumerated, redundancy still remained in ^ 
axes at reentry and the. erratic. Yl rate gyro could -have been 
used in the Y axis if it had become .ne cessary. 


1.7.1 


ACQUISITION SUN SENSQ t^ 


Sy stem. Descrip tion 


The Acquisition Sun Sensor consisted of . two. major subassembly 

*’2" B*'®' ass™IK EA^'- 

Assembly used a family of five photovoltaic Cells 
^ gsometrle configuration to generatr voltage 
linoa?*t?^ 4 .t^S sen s. angular position- about two’ Orthogonal axes, 
ii?Mn " discrete signal any time tSLeunis 

clroular?^ °. arrot detectors (9 + 1 degrees 

circular). The Electronics Assembly used conventional 

AslemblJ^aL scale - the ..signals from the Ootical' 

Assembl.y and then, transmits the angular- error slcnal and thA «snn 

com™?Ls:^?« sisequen? 

processing and use in. the Attitude and Pointing Control SvstAm 
Assembly optical axis was. ,llgnel‘"|a?aUef ITl"^ 
Ld Y-axef. ^ -vehicLe.,and measured angular, errors about: the X 

Assembly contained two oairs of f ine-pointinq 

of -dA^A^f a. target detector.?. Eac^ pa?? 

Sfff!!' ^ I® connected so that the output currents were 
ifferenced and. functioned as an energy balance null sensor 

receiuAd pointed directly at the sun both, photocells 

received the -same amoun.t .of. energy and the electrical Ltput was 
at a null. when not pointed directly at the sun. the ootire: 
(Unsss and baffles) produced a different in the sola? 

the pair. The el?c“tcaroS?pur?rM 

or cne sensor and the sun line. The target cell detectina 

electronics triggered a discrete when the sun was within a +'' 
degree cone of the solar, vector. wicnin a +. 


The subsystem was. completly reduudr^nt. 
independent systems operating at all times. 


Thexe were 


two 


3.5.2 


Conclusions and Lessons Learned 


AffA^fc'^^^n Cations that. orbital storage had any adverse 

ejects cn . the sua sensors. The sun sensors oerformed 
throughout both_Skylab. missions without malfunction or'failure 
to i" continuous, operation from init?a? poier-up 

Sroudh ill original Skylab mission and' were on 

tnrougn all the reactivation mission. 
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The sun sensor was sensitive to reductions in irtiar 

intensity# since it wae designed, to operate at one solar 
constant. Apparently# the sensor operated_ 
because there was no reduction in the scale factor on the analog 

angular rate error signal. 


The sun sensors operated as designed and fulfilled all 
requirements with no anomalies. 
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3.6 


ATM DIGITAL COMPUTER AND WORKSHOP COMPUTER 
INTERFACE UNIT 


3.6.1 


Introduction 


The Skylab computer subsystem, whicli consists of " two ATMDCs, 
WCIU, MLU and MLU tape recoxdery performed without any failures 
during the primary Skylab mission. Both the primary and 
secondary co-mputet-s wer.e utilized during the primary mission and 
the.- operability of the onboard MLU. and MLU tape recorder was 
successfully demonstrated a.t the termination of.’ the mission. 
Therefore, at the conclusion of the primary Skylab mission, the 
entire complement . of the Skylab computer subsystem was 
operational. A ^mplete summar.y of the Skylab computer 
subsystem spec.iflcati 9 nS and operational performance during the 
primary mission can -be . found . in Reference 3. 

This section briefly summarizes the performance of and concerns 
__with the- Slcylab computer . subsystem during the Skylab 
Reactivation mission. 


3.6.2 Orbital Storage Effects 


At the. onset of the Skylab Reacti.vation mission, the operational 
status of the Skylab computer subsystem was not predictable 
because of the unknown, environmental conditions experienced 
during the four'years of orbital-s.toxa,ge. The concerns with the 
effects of long term orbital .storage were many; the major of 
which, were as follows: 


1) Thermal cycling 

2) Degradation of the protective control surfaces 

3) .Decomposition of mylar tape in MLU tape recorder 

Repeated thermal cycling occurred because of the random Skylab 
mo-tion with respect to the sun and . the occurance of earth, 
shadowing., (orbital day/night) each orbit for 16.. orbits each day 
for the 4 years of orbital storage. Thermal . cycling stresses 
component integrity and the major concern was the effect on 
internal and external connectors. The concern was that repeated 
thermal c.ycling. could cause either poor electrical contact or no 
electrical contact- between, the. pins, and sockets in. the 
connectors. 
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The thermal design of the ATMDC/WCIU wns bsed on pasaive 
radiation of heat. . An impoctant part of that design was the use- 
of ij reflective pai t to limit the amount of heat input from 
other sources. Photog aphs returned at the conclusion . of the 
primary mission showed a significant discoloration of exterior 
surfaces of the computer subsystem coponents which suggested a 
degradation in the reflective paint. The major concern with 
degradation of. the reflexive paint was that the temperature of 
the ATNDC in an operational state would exceed design 
specifications because of excessive heat Input from -other 
sources.. 

Although no plans existed for using the MLU tape recorder, a 
concern was voiced that the integrity of the mylar tape in the 
MLU tape recorder may have been degraded because the long term. 
exposure in a vaccuum may have depressurized the sealed 
recorder.. Concerns tanged from unreliable data on the tape to 
disintegration of the tape with movement. The operational 
status of the MLU tape recorder was never determined -because it. 
was not .^required during, the Skylab Reactivation miss.ion. 
However., the MLU tape recorder is identical to the ATM TM ASAP 
recorder which was used throughout- the Skylab Reactivation 
mission without any discernible degradation in performance. 


3.6.3 


Operational Performance 


There were three concerns relative to the operational 
performance of the ATMDC/WCIU during the Skylab Reactivation 
Mission. The concerns were the operational temperature range of 
the ATMDC/WCIU, the repeated power cycling of the ATMDC/WCIU 
during certain phases of the mission and the ATMDC/WCIU 
operational lifetime. 


3 . 6 . 3 . 1 Thermal Performance 


The. operating temperature of the ATMDC/WCIU was of concern on 
two occaas ions -during the. mission. The first occasion was the 
initial power up temperature environment during the March 
interrogation -tests Csee Section 2.2.1) and the second occasion 
was operating in the EOW.A attitude with -large negative sun 
ang.les (^) . 


3.6. 3. 1.1 


March Intecroqation TsshS 


At the Conclusion nf the pr.imary Skylab mission, the-primary 
ATMDC/WCIU was left connected to the APCS power bus. The relay 
which disconnected the— computer subsystem from the APCS- power 
bus was also ~ activated by power from the same APCS bus. 
Furthermore, the internal heaters for the -computer subsystem 
were also powered by the APCS bus. Therefore it was impossible 
to thermally condition the. ATMDC/WCIU prior to the initial power 
up. and also impossible to. disconnect the primary ATMDC/WCIU from 
the APCS bus without, first applying power to. the ATMDC/WCIU.. 
This situation, was. of concern since the temperature 
specification limit for ATMDC/WCIU power_up was -20 degrees C 
and temperature measurements in the vicinty of the ATMDC/WCIU 
were indicating measurements, in that range. The concerns with 
attempting a power up at exceseiv.ely cold temperatur.es were, 
several. First, the Computer: might not operate, at all due to. 
oscillator failure at low temperatures. SecoTidly, s.ome 
permanent damage might occur in the hardware -which could , render 
the -primary ATMDC/WCIU permanently inoper.able. Thirdly, since 
the ATMDC' atilizes a destruc.tive readout memory, the attendant 
flight, software may be destroyed or corrupted beyond use without 
any immediate recovery capabilities guaranteed. At 20:36 GMT. on. 
March 11, 1978, power" was transferred to the APCS . bus and the_ 
receipt of the ATMDC TM data at the Bermuda gro.und station 
confirmed that the ATMDC was cycling, ATMDC.’ TM data indicated 
that the ATMDC and WCIU internal temperatures as measured by 
thermistors- were . -15., 9. degrees C. “ and -26..2 degrees C. 
respectively at initiaL power, up. Subsequent analysis of. the 
AT.MDC TM data indicated that the ATMDC/WCIU and attendant flight 
software were operational. In fact, • as far as the onboard 
software program was concerned, the 4 year and 30 day aff time, 
appeared as only a temporary power transient; the power-up 
restart capability in the flight program picked up from where 
the program stopped .cycling 4 years and 30 days- ago. 


3. 6. 3. 1.2 EOVV Attitude 


The. EOVV attitude presented a signigicantly different thermal 
environment for Sky lab than that experienced in the SX attitude. 
In the SI attitude, the Z vehicle axis is always pointed toward 
the sun and SJ<ylab is presented, with a relatively constant 
thermal environment. However, in the EOW attitude the thermal 
environment for Skylab is directly related to the 
elevation/declination of. the sun relative to the orbit plane. 

In^ the- EOVV. attitude the vehicle longitudinal, axis is nearly 
aligned along the orbit velocity, vector with the vehicle rolled 
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So*;"., *?n°\Se*^;5? ‘’ISS 

sfnSo“sLa‘s:in?;e“." ,ife 

iht mSdc‘/wS?h‘"s *bS';;;?«‘isssi'“i„ss:saiSr?s{?fi?- 

''2a‘'d2fl‘^®®^^S specifications between the^ tLpeJatSJe^ ?ange ®Sf 
Air Iflah? n C (Jl31 deg?SII F)f 

Additionally a qua! if ilat ionites t Warper 

f hS5r ar67'3ec?2es ATSorwarm^intS fo? 

ope?3ti3Ll Sitrr ATMDC remained 

upetacionai witnin specifications,. During the orlmarv qifv-iaw 

s.ubsystem remained within the^ acLptaJce 
1 Q 7 A uT^u except for one brief occassion on DOy 14 in 

1974 on which a ZLV maneuvec was pocformed duclSo a larL aSS 
angle condition (See Retecenoe 3) . Since the EOW attitude i2‘ 

?s*%;;sre“°3 ir ““s;ws%e?ssr“sss- 

The sua angle would-reach -70 -degrees. at a lat^r 
the -thermal performance of the ATMDC in that situation 
was unknown. Predictions made by MSPC indicated th3t thrl^S? 
temperaturejould approach 152-de.grees F for thosr L^ditions 
However, this situation was never encountered brausr ?h; 
attitude of Skylab was changed to the EOW B attitude (180 
degree rotataoa about local vertical from EOW. A attitude) when 

low occurred. Skylab was placed in the 

pw B attituda because CMC. 2 bearings experienced their lowi^ 
temperatures for large negative sun angles? f ^^nd^tli^ 2tch 
failule?^^®^ to.enhancing the possibility of CMC #2 spin bearing 
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3.6.3. 2 


Repeated Power Gvc.liniq 


As discussed in Section 3. 6, 3, 1.1, the pr'mary ATMDC/WCIU was 
connected to the ARCS power bus and each time the ARCS bus was 
energized, the ATMDC would power on.. The onboard configuration 
remained in that state until the primary ATMDC/WCIU was 
disconnected from the ARCS bus on June 7, 1978 because of a 
deficiency in electrical energy during CMC spin up. During the 

March interrogation tests until June 7, 
1978, the primary ATMDC/WCIU was repeatedly cycled on and off. 
due to interrogations of the ARCS rate gyros, imnismentation of 
flight _ software patches into the ATMDC. and unintentional 

primary ATMDC/WCIU was . not removed from the_ 
APCS bus because an uncertainty in the operability of the 
onboard switch selectors generated a reluctance to change any 
operational, onboard configuration unless absolutely necessary^ 
Furthermore, since the specific switch selector command had 
issued during the primary mission, there waa an 

additional uncertainty in its operability. However, when the 

energy shortage in the electrical power system occurred, the 
primary ATMDC was removed from the ARCS bus an<l_subsequently was 
successfully reconnected jto the ARCS .bus. 

aSMnr/M???; cycles applied to the primary 

ATMDC/WCIU is unknown but estimates range from thirty to 
hundreds. The reason for the uncertainty is. because on several 
occassions, the ARCS bus was unintentionally left energized when 
the Skylab- attitude was uncontrolled. This situation occurred 

.command phenomenon 


the 

as a result of the spurious switch selector 
which was. not well understood at the time. 


Although d.ifficult to quantify,^ it was felt that -repeated power 
cycling of the ATMDC/WCIU could adversely affect the .-lifetime 
capability of the hardware. , . 


3. 6.3. 3 


Operational Lifetime 


The operational lifetime of the ATMDC/WCIU was of significant- 
importance during, the design phase of the ARCS.. The computer. 

to be one of the least reliable components in the 
APCS. Considerable effort was devoted to screening par.ts, 

rigorous testing and designing a redundant computer subsystem 

planned 236. day mission lifetime. 
Originally the stated design reliability goal for the composite 
Skylab computer subsystem was a reliability of 0.70 for a 236 
day mission. (See Reference 3). An ATMDC Failure-- Effects 
Analysis dated 1 . July 1970, estimated a 236 day mission" 
reliability figure of 0,869. The original ATMDC/WCIU design had 


an estimated failure rate of 98.8 failures per million hours. 
The 16K memory contributed 73.3 of. the 98,8 failures per' million 
hours. The addition of the 8K flight program capability and the 
memory reload capabilities (MLU) increased the overall 
ATMDC/WCIU system reliability to 0.971-for a 236 day mission,. 
The Skylab computer subsystem Operational lifetime far exceeded 
its design goals. , 

The total operational time fOr the ocimary and secondary ATMDCs 
and WCIU common TMR section, is shown in Table 3-11. As observed 
in Table. 3-11, the total accummulated hours on the computer 
subsystem is equivalent to 762,3 days- of operation;, and the 
computers were still operational when. Skylab was destroyed upon 
reeater ing the earth '.s. atmosphere. 
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3.7 ...-.ATMDC FLIGHT SOFTWARE 


3.7.1 Introduction . 


Software modifications developed to Support all phases of the.__ 
Skylab reactivation mission included extensive modifications to 
the ATMDC -flight software as well as corresponding changes to 
off-line .support software used for verification and performance — 
analysis. The software development activity during the _ 
reactiva.tion . mission was concentrated, around three major areas: 
two CMG EOW operations, single CMG EOVV operation and TEA 
control. Each of these software development activities, resulted 
in new ATMDC f-i ‘ght software which utilized the available APCS. . 
hardware to provide momentum management and vehicle control. 
The initial purpose was to maintain a minimum drag or. 
End-On-Velocity-Ve.ctor (EOW) attitude to prolong Skylab 
lifetime. Later,, when plans for the reboost/deboost mission 
were dropped, the" purpose was to. enable vehicle control to be 
maintained as Skylab attitude decayed toward reentry. 

A fourth area of activity, w'.iich applied to each of. the major, 
development areas, provided flight software modifications, to 
improve Skylab system operation in the reactivation mission., 
environment. The environmental considerations included unmanned 
operation, limited ground coverage, and limited APCS resources 
(i.e. TAGS) . 

A description of the tools used for development of~flight 
software; the methods and procedures, used to define, analyze, 
program and verify software modif icat ions into the ATMDC' and a 
chronology and description of t he modifications follows. 


3.7.2 . Development Tool s 


Prior to. and during the origin.^! Skylab mission, there were.- 
sevetal simulators which, had been used for the Skylab 
performance analysis., flight software development, crew training 
and mission support. Upon completion of. the Skylab mission 
these simulators were stored away or disassembled with no- 
thought or plans for them ever becoming active again. When . 
Skylab reactivation became apparent, an effort was initiated to - 
bring the necessary simulators cut of storage and update-them to 
the configuration, required to . support EOW flight program 
develo pment. 
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*2? mission,, there were 

several simulators which had been used for the Skylab 

analysis,, flight software development, crew training 
and mission support. Upon completion of the Skylab mission 

stored away or -disassembled with no 

SkSiIb^ becoming active again. When 

became apparent, an effort was initiated to 
bring the necessary simulators out of storage and update them to 

development'^*^*^^*^” to.—support EOW ^ight pro gram 


~o5^?^w beginning of the Skylab reactivation effort, all 

inactive. A study was made to decide. 
what simulator requirements were needed for EOW software 
development and which simulators could be reactivated in the 

meet these requirements. Simulator 
requirements were developed by experience gained .from previous 

development programs. These programs 
several different types of simulators are 
development^ Ptovade complete simulation, support of software- 

A fast running simulator, is needed to perform long term- 
performance analysis where simulations of ten or more orbits are 
common. A simulator which has a model of flight software that 
is^ easily modified is needed for front-end studies on design 
schemes where many approaches are proposed or where the scheme 
afi.i'”- design phase and several changes, are. 

anticipated. Another simulator is needed with the capability 
fhf ' ® large amount of control, data gathering and visibility of 
program to perform detailed instruction-by- 
A real time simulator is needed for making 
performance studies using the actual flight software. Each of 

besf ?r® "”^‘^2® characteristics which make them ; 

^ particular task and, when used 

ATMDC softiare.^^°'^^‘^® testing requirements of the 

The simulators used for -software development in thfi_jLeactivation 
mission wsrs* 


1) IBM Sy3tem/360 Model 75 System Analysis Attitude 
Simulator - Version II .(AS-II) 

2) IBM System/360 Model 75 Interpretive ATMDC. WotJsshop 
System Simulator (Interpretive Simulator) 
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In addition to tho IBM sirnu.lators , the control system and 
momentum management scheme was developed on a NASA SIGMA 5 
computer. 

The AS-II simulator met .both requirements for fast speed and 
easy modification. . 

The interpretive Simulator. met the requirement for the next, 
type of simulator needed, i.e., extensive control, data 
collection and visibility. . The interpretive simulator was an 
all-digital simulation which executed on an IBM System 360/Model 
75 computer. The- interpretive simulator, had been saved intact 
on computer tapes and. an IBM Sys.tem/3-60 Model 75 computer: was in 
operation at the Data Systems Lab at MSPC and was. made available 
for. EOYV. aaftware development. 

Although th» interpretive simulator existed on tape -and an IBM 
System 360/Model 75 _ was available, there still, remained 
considerable effort to reactivate the simulator... When the 
interpretive simulator had been used at the IBM Facility, all 
inputs for simulator control were made through computer 
terminals. At'the Data Systems Lab., however, terminal did not 
ex.ist and the simulator had to be modified to use. computer 
Cards. Also the -interpretive simulator had been designed to 
read the — ATMDC, Llight program from a...specially formatted load 
tape* 

An exhaustive search throogh- the IBM facility computer tape 
files, records retention and 11 other possible locations failed 
to produce a- sing.le ATMDC flight progrram load tape.. Some HSL 
flight programs, were, discovered in the old. MSFC HSL facility 
where they had . been stored for over four years.. By modifying 
the interpretive simulator and developing a special program to. 
reformat these tapes, a load tape was generated which could be 
used by the interpretive simulator. However, this load tape was 
missing many of-the features that were part of the normal load 
tape and this caused many capabilities of the interpretive 
simulator to be precluded. 

Another difficulty was that the IBM personnel who had developed 
and programmed the interpretive simulator had s.ince_ transferred 
from the -IBM. Huntsvile Facility. These personnel had to be 
located and brought to Huntsville to perform the required 
modifications to make the interpretive simulator operational 
again . 


The next type of simulator required was. o.ne which operated real 
time or near real, time with an actual flight program. The 
candidate simulators were part, hardware and this hardware had 
long since been disassembled v/ith no plans for subsequent 
reactivation. The- hardware had not been stored in any 
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systematic manner and therefore few of the pieces could be 
located. Some of the pirts were even being used on current NASA 
projects. It was conclu-ed that a real time simulator could be 
activated only by expending a large amount of "resources and time 
that was not available. With the cost/time standpoint weighted 
against the risk involved, it was decided that a real-time 
simulator, was not absolutely necessary. 

Therefore, it was planned to eliminate the requirement for a 
real time_ simulator and to limit the amount of performance, 
analysis with the actual flight program to nominal environments. 
Performance analysis in off-nominal situations could be 
_ per formed on the AS-II and the NASA SIGMA. .5. Although this left 
a "gap" in the testing of the software, it was decided to risk, 
this exposure in order to develop the EOW software in the time 
available. - 


3 .-1. 2 . 1 IBM Svstem/360 Model 75 

System Analysis (AS-Iir~Simulator 


The AS-II Simulator was used to validate . the performance of 
proposed control system changes for Skylab developed, on the NASA 
SIGMA 5 computer, by performing digital simulations .to obtain 
dynamical descriptions of the orbiting Skylab. This simulator 
performed a variety of analysis and/or mission. support task. 
The most important ones were: 


1) Determine parametric specifications of control system 
parameters needed to meet system accuracy requirements . 
and satisfy energy constraints. 

2) .Determine the effect, over many orbits, of disturbance 

torques upon control system energy expenditure and 
attitude accuracy while maintaining desired vehicle 
attitude characteristics. 

3.) Recreate observed anomalies to gain in depth under- 
standing of anomaly and_insure proper onboard 
operations. 

4) Evaluate and optimize recommended procedures for 

acquisition of different control modes. and attitudes. . 
Generate predicted, performance data to use as a basis 
for real-time mission support. 


The primary advantage of the AS-II Simulator was its capability 
to operate within the -range of 10 to 100 times faster than, real 
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time (depending upon output format options), 
mission analysis., the. AS-*II Simulator was used 
determining critical design errot limits 
characteristics when the Skylab configuration 
changes. 


Within the area of 
effectively for 
and performance 
-underwent severe 


In addition to being able to. operate at high, speed, the AS-II 
was also relatively easy to modify. The - AS-ll model of the 
flight program is written in FORTRAN language which is much 
easier to code than the ATMDC language. This allowed, the 
software requirements to be. implemented into the AS-II and 
extensively tested with a long lead-time over ATMDC programming. 


IBM Sy stem/360 Model 75 interpretive ATMDC 
Skylab Simulator 


The IBM System/360. Model 75 Interpretive ATMDC Skylab Simulator 
IS an all digital model of the Skylab anu the ATMDC flight 
, The Skylab system hardware and vehicle dynamics are 
modeled by. FORTRAN mathematical, equations and logic statements!, 

Tne flight program is. modeled by converting ATMDC program 

equivalent System 360/75 machine language 
instructions. The ATMDC hardware models generally remain fixed 

load flight program is input from a 

load. tape. A detailed description of the interpretive simulator 
IS given by Reference 17^ This simulator was the only simulator 
available during EOW. and TEA software development which 
with the actual ATMDC flight program. A black diagram 
of the interpretive simulator, is shown in Figure 3-31. 

has an extensive inpu.t/output 
‘^^'^hrolling and. analyzing simulations (see. 
Reference 17) . These, capabilities give the software analyst a 
comprehensive tool for performing flight program verification, 

A summary of. these capabilities are given below:. 

Repeatability - The simulator is. designed to give repeatable, 
results for runs with identical setups or with changes which do 
u timing. For. this reason, if a problem is encountered 
•uu data for anlysis, the run may be repeated 

with additional output requests. ATMDC program traces, ATMDC 
memory and accumulator snaps^. and. vehicle data output requests 

without affecting .timing, ^aad___hence , 

repeatabality . 


A va 1,1 ab 1 1 i ty of Data — Selected time intervals and the ATMDC 

memory areas may be traced, if necessary,, to isolate a. problem 
or. to verify program flow through a selected region. The data 
output indicates the time since power up, instruction location. 
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instruction executed, data location, and data usSd, Thd- trace 
modes available are Cull traco (every instruction executed) , 
block trace (selected momory re^jions) , and time trace (selected 
time - intervals) , 

A variation of the trace is the accumulator snap,, which prints 
the trace information plus the .scaled accumulator at selected 
locations. 

Vehicle Perturbations - The capability to -dock/undock the CSM or - 
power up/down the CMG's is incorporated into the 6D vehicle 
simulation in order to evaluate- the Flight Program and its. 
interaction with. the vehicle- under common off-nOminal. 
conditions. Normal, sequencing discretes and interrupts from the . 
vehicle to. the ATMDC ' may, be selectively inhibited and forced to 
test-.var ious program backup modes. 

Attitude Reference Perturbations - Rate gyro, sun senSor, star., 
tracker, and CMG direction cosine inputs may be modified in any 
of several ways to force program, processing of unusual sensor... 
data. Sensor readings may be simulated with scale. factor- 
errors, biases, and constant, readings, which . may be selectively 
modified for each computation cycle. Individual perturbations... 
may be applied . to. each input . address- even though some, addresses 
may be redundant xeads of the Same sensor input, 

A TMDC Perturbations -Each data input register, in the ATMDC may 
be loaded with-data, and any bits may be set or reset, at. 
selected- time points... This capability is used to analyze 
program .reac.tio.n to. unusual input conditions, such as unexpected 
interrupts and discretes. 

Extensive Output - Every variable used in program computations, 
is available, for. printout after simulation. This permits, 
examination of' numerous. ..parameters without resorting to traces, 
or Snaps and facilitates trouble-shooting problem areas.. In. 
addition,, aormal output from the ATMDC and 6D. is synchronized so 
that all data printed in. a print block is-valid.at one time 
point.. Therefare, any problems which require, analysis of both- 
ATMDC and . 6D data are more easily solved, than if synchronous. . 
data were not available. Changes in . state of each discrete 
register and BCD display are. printed as., they, occur. 

Error Checks - A number of checks on potential system errors are 
performed, on every run. Potential prog.ram errors and system 
hardware violations are printed as. they occur noting time, 
program locations and type of error. . The errore checked include 
addressing of non-exiStent inputs, insufficient- data coinversion 
time, improper Setting, of discrete output registers,, program, 
overflows^ . and illeg.al instructions. This output is printed on 
every run. in conspicuous fashion facilitating a rapid scan by 
the analyst. 


The disadvantage of the interpretive simulator was its run ratio, 
of between 15 and 20 to 1. This means that a simulation -of 1- 
hour of" flight time required 15 to 20 hours of CPU time. This 
was not a problem prior _to and during the Skylab mission because 
the types of "test cases which require long periods of time 4such 
as performance validation. runs) were made on one of the real 
time simulators. Since these simulators no longer existed, 
performance testing with the actual flight program had to be 
performed on the interpretive simulator . Because of the poor 
run ratio only a limited amount of performance testing could . be 
accomplished in . the time available.. 


3.7.3 Software Definition 


All modifications to the ATMDC flight software developed during 
the Skylab reactivation mission were documented by IBM as 
Software Change Requests CSWCR's). These SWCR's are summarized- 
later in Section 3 The procedures used to generate these 
SWCR's were basically the same as those used during the original. 
Skylab mission to develop and control the. configuration of ATMDC 
software. . 

The basic requirements for. a SWCR originated either from MSF.C or 
within IBM. Any requirements which effected momentum management 
or control operations were analyzed by NASA using the SIGMA 5 
computer, and by IBM, using the AS.-I.I simulator. If necessary, 
the basic requirements were modified to meet the desired 
operating goals based on these performance simulations. In 
addition, each new requirement, was analyzed to insure, 
compatibility with existing flight software capabilities and 
mission support activities.. The results of 'the .performance and 
compatibility analyses were. combined with the original 
requirements. The. combined requirements were then documented as 
SWCR's to define the specification to which flight software 
modifications were prog ram me d a nd verified. 


3 . 7 . 3 ..1 Flight Software Baseline 


The initial software configuration of the primary and secondary 
ATMDC 's was determined by reviewing mission summary data 
provided at the end of the original Skylab missions (see 
Reference 3).. The. primary ATMDC contained the PF50 version of 
the 16K flight program. This was. the result of a RF uplink, via 
the MLU, which was successfully executed just prior to 
termination of the- original Skylab activities, on 9 February 
1974. The secondary ATMDC contained the FF80 version of .the 16K 
flight program plus SWCR 3091. This was the result of several 
memory loads during the course of the original Skylab mission. 
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The flight sfiftwate configuration deflfted as the baseline for 
the reactivation liUsslon modifications was chosen to be the FF^0- 
plus SWCK 3091 version of the 16K flight ^stfog.ram.. The primary 
reason fox this decision was- that this vetsion was already 
resident in the secondary, computer-. By updating the primary 
computer to the same, level as the secondary, both Computers 
would contain the baseline software. This would simplify 
updating the secondary computer in Case of Switchover. A memory 
map of the FP80 plus SWCR 3091 program is Shown in. Figure 3*-32. 

The first flight software changes for the reactivation mission 
were defined relative to this FF80.- plus SWCR 3091 baseline. The 
baseline for. each subsequent change (1. e.,, SWCR)_ was defined 
relative to the software configuration existing, or planned to 
exist, at the time of. its implementation (i.e^, baseline, plus 
all previously implemented memory loads) . 


ia0_ 


FF80 PLUS SWCR 3091 MEMORY MAP 




3,7..3.2 


Requirements and Specifications 


Most of the reactivation mission r.e<3uirements dealing with the 
new control and momentum management laws for two and one CMG 
EOW- operation and for TEA control originated, from. MSEC. These 
requirements w.er 6 generally given to IBM in rough equation and 
logic form. 

Prom these requirements it was necessary to develop the tailed 
specifications necessary to design, code and verify changes 
which could be integrated with existing flight software. Areas, 
in addition to the basic requirements, which had to be specified 
for each change included: 


1) ground command requirements and. formats to. 
provide manual., control and/or trjLm. capabilities 

2) telemetry requirements for performance evaluation 

3) . initialization requirements 

5) timing and .sequencing,, requirements . 

6) implementation requirements to .insure compatibility 
with-existing software 


The final requirements specification for each proposed, change. to 
the flight software was documented as. a SWCR relative to a 
definition baseline consisting of the ATMDC Program Definition 
Document (PDD) , Revision 22; plus the memory loads implemented, 
and documented by SWCR's, during the- original Skylab mission; 
plus any previously defined changes for. the reactivation, 
mission. In addLtion to the requirements specification, several 
SWCR's also contained. Program -Rotes to identify any operational 
constraints or peculiarities which would . exist when the 
corresponding change was implemented into the flight software. 


3«7.3.2 Requirements Analysis 


All proposed requirements which effected S.kylab control and. 
momentum management operation were analyzed using the AS-LI 
simulator... This simulator" was the only analysis tool available 
which was capable of long, flight-time perfotmanc.c simulations 
with models, of the Skylab environment and vehicle dynamics — and 
the ATMDC flighh-s of±.wa re equ.a.t.i.Qns. a,hd....lbgic . 
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The equAtiona and logic for each new control and momentum 
management requirement' were incorporated into the AS-li 
simulator. Simulations were made and analyzed to determine that 

«<=hi.ved ov« the -.xpeoled Sp«,t?ng 
9*^9le); to identify any operational 
limitations or constraints associated with the requirement; and 
to insure that existing performance capabilities we?^ not 

degraded.by inclusion of the new requirements. 

Extensive analysis was also performed for every critical Skviah 

.>'« simulated tJ SetetSlnf’^JSe 

sequencing required to maximize usage of CMG control and 
momentum management operational capabilities and to minimise 

Conditions which were examined for the . 
Skylab operations included; rate gyro drift and scaled 
factor errors; attitude reference errors (primarily about the 

ground stations? b?eakL l“ 

planned maneuver sequences; and the range of sun angle (fl) The 
simulations^ were not only required to desig^ the ?eoui?ed 
maneuver and operational eequencies but were also used to 

^Se'^sequenifexecutfon^"'" actual .system performance during" 

Detailed simulations were .performed for each of the following; 

operation of acquiring SI attitude 
with a spinnning vehicle (1.7% about the X-principle axis) and 
an unknown attitude reference was simulated to estimate the TAGS 
fuel requirements, the attitude overshoot, and the time and^ 
required to settle the X-principle axisfn throrbi^l 
plane. These were performed in the TAGS only mode since GMG 
control, was not enabled at this time. Simulation estima^e^ 
closely follow the actual operation. -nation estimates 

Maneuver - The planned maneuver sequence to acquire 
the ECVV-A attitude (EOW with MDA forward) from SI was 
simulated^ to predict system performance (i.e., TAGS usage 
settling time, etc.) during, and following the maneuver The 

determine a maneuver sequence which would not_require TACS and 

Pettormance during and following the mlneuver! ?hL 

simulation and actual flight data were „in agreement when the 

maneuvers were performed. ayteemenT:. wnen the 

EQW-B To EOW- A Maneuver - Although these, maneuvers were not 
’'!'® slmulate:d to determine a 

Which would not require TAGS and which would establish eqvv 
parameters within their nominal rang,s.§._fQ.c.._E.QVy.TA_ operation. 
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t EFaLuence maneuver was simulated to determine 

cne sequence for maneuvering from . EOVV-B to st 

i£r™::“L=;HHr“ 

data. ^ c3ata__from this maneuver agreed with simulation 

i flset^^about ^thr^-v l °P®ration with a continuous 5 degree- 

expected sun angles, to^iLure^that^'the^SI ' 

performance would iot be adJIrselJ affJLd^^ management 

which would extend, the -SI o«lero^pabU?tJ"io Js!r'^de|?ees“"ir 

anelyeed After® modifications ilde tr^hr^Sn IJL" 

Se?llmlned°?o®be _goals . werr 

Skylab^B“a‘u!tud%° dfo“yld'"lo«ld^’‘riln1ly®^ 

£sgrTsfc'^rolXlr-|^n-rS^ 

list! angle limits where SI dump capability would L 


TEA Control - TEA control operations over the expected al t-i fnric. 

the AS-iriimSlatirtrm''r? ^his included modifying 

TP^ ^ ^ ^ model a-tmospher 1 C effects and generatino 

as a function oflaltitude, densitv and 

TEr^iii?ril^''SIi‘^f -®Tl isag^data fi^maneuvlrs^^ln^ 
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3.. 7 .4 


VERIFICATION 


Software verification is. the process by which the accuracy and 
adequacy of the flight program is demostrated by ensuring that, 
the on-board software meets all mission requirements and is not. 
the limiting factor in the success of the mission. The 
verification of the Skylab reactivation flight software was 
performed by subjecting the software to an exhaustive series of 
tests using the AS-II and . interpretive simulators. 


3. 7. 4,1 Verifications Techniques 


The technique used to verify the reactivation flight software. 
were developed on previous verification effort of real-time 
space related software such as the Saturn Program and the Skylab , 
mission. The success. of these programs has demostrated that 
these methods, when properly applied,, will result in verified., 
error-free. software. The software is verified by applying the 
techniques one at a time in the following order; 


IL Baseline Program Validation 

2) Coiiing Analysis 

3) Logic Analysis 

4) Equation Implemeatation Tests 

5) Performance Validation 

6) Mission Procedure Validation 

3 ,7. 4. 1.1 .Baseline Program Validation 


Prior* to deactivation of. the Skylab vehicle, the primary 
computer "was loaded with as PF50 level flight program by MLU and 
RF uplink and the secondary computer had an FF80 program plus, 
software modifications for SWCR. 3091, When Skylab was._ 
reactivated, the primary computer was still in control and . the 
PE50 program wets resident and unaltered after four ye.acs. 

The plans were to first update the primary computer from the 
FF50 level to the same level as the. secondary, computer.. This 
was to be done by the first, three memory load buffers. . The 
subsequent-buffers (which were numbered starting y/ith FF81 
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Buffer 1) would then update -the program to the EOW. (ox PP81) 
level. By using this., method,, if a primary computer failure 
forced switchover, the secondary computer could - be updated to 
the PP81 level by rese^iding all buffers except the. first three. 
The baseline software was therefore defined as the software in 
the secondary Computer, i.e., PP80 plus S3091. , 

Since the PP50 and PP80 plus S309.1 programs had already been 
completely verified during, the Sk.y lab mission, no reverification 
was considered necessary. However:, a method had to be developed 
to verify that the PP50 program.. could be Correctly updated to 
the FP80 plus S3091 level. 

A problem developed when no tapes of the PP50 program could be 
located. Some flight program tapes had been found in the old 
MSFC HSL facility but these were FF60, PP70 and PP80 plus S3091 
flight programs. To -determine the dif ference . between FP50 and 
PF60, the computer program listings were compared and all 
miscompares. were documented. 

To ensure that all differences between FF50 .and FF60 had been, 
found, the miscompares were, summed in the same way that the 
flight program computes sum checks. The results were then- 
checked against the differences of"'F.F50. and FF60- sum checks and 
a favorable. compar ison gave a high degree of confidence that all 
miscompares had been found. . The differences between FF60 and 
FF80 plus. S3091 were detected by a special tape, compare computer 
program. 

The total differences between FF50 and FF8.0 plus S3091. were then 
formatted into DCS commands for three memory load buffers, with 
each buffer cantaining new sum check constants. The uplinking 

of these, buffers ware simulated- on the interpretive simula.tor 

and after uplinking each buffer, the program was executed 
through at least two sum check cycles. Successful execution o.f 
the. sum check tests verified that the memory loads w-ere 
correotly implemented. The sum.ch.ecks- from the last memory load 
were compared against the sum . checks in the FF80 plus S3091 
flight program. By ensuring that these sum Checks were 
identical and. by performing a desk check of all memory load DCS. 
commands, the baseline for the EOW flight program was 
validated.. 


3.7.4. 1.2 Coding Analysis 


This phase of the verification effort was to examine tha actual 
coding of the flight- program, to determine- compliance with 
programming ground rules and to verify compliance with the 
Software Change-Request. Experience has- shown that, this phase 
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is by far the roost efficient? i.e., roany roore program problems 
are uncovered per manhour/expended than in any other phase. The 
following paragraphs outline. the procedure which was followed to 
effect a systematic approach.to this effort. 

The initial step required for a complete analysis of the 
programming techniques was the construction of flow diagrams of 
every module. These flow charts were drawn from - the program- 
coding and were very near to the instruction level. Information 
relative . to scaling and flight program organization -• 

included. The diagrams were then. used in conDunction with the 
pro 9 tciin listing to accoinplish ths coding analysis pha^s of 
verification. 

The following items were investigated for every module, 
subroutine, logic statement t_eguat ion and parameter changed in 
the flight prog ram. 


1) Consistency in. parameter scaling between modules 

2) .Consistency in parameter scaling with maximum, 
expected values 

3) Interrupt protection, .when required 

4) Correct logic statements considering specification 

5) . Correct equation. implementation 

6) Correct use of ''scratch pad" memory 

7) Potential problem areas with tr_lgonometr ic functions. 

8) Interaction of parameters and program control, words 
which might be, changed, in different-modules 


9l) Interference with use of parameters and control 
words in different modules 

10) Correct use of the shift instruations 

11) Correct protection against taking square root of a 
negative number 

12) Correct use of divide operations 
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3, 7^ 4, 1.3- Logic Analysis 


This phass 6f the., verification is designed tb ensure that the 
flight program is operationally consi.sten.t with the requirements 
of the SWCR. It involves investigating the specifications in 
the SWCR on a sectionaiized .(modular) basis and designing short 
time duration simulation runs to check the corresponding logic 
path in the. flight program. All logic paths were excercised. and 
interactions with other parts of the program code were checked. 
Consequently, this phase of verification required extensive -use 
of the System 360/75 Interpretive Simulator. 


3 , 7 . 4 . 1 . 4 Equation Implementation Tests 


As logic paths are Cycled, calculations of all parametexs were 
checked by compaxing against 'hand calculations or against the 
results of . independent programs, on. the HP' 9820A calculator 
created specifically as verification tools. The inputs to the 
equations were varied from run to run to cover the expected 
possible range.. This method.. was invaluable fOr finding accuracy 
problems, sc^aling problems and equation impl ementation errors. 


3.7.A.1.5 Performance Validation 


The capability to. accompliah performance validation with the 
actual flight program was extremely limited, due to. the lacJ? of a. 
real time simulator.. .. The available resources can best be. 
utilized. by making one simulation- run of approximately 1 1/2 
orbits with the. interpretive simulator while the flight program 
is operating in a nominal mode. Details of the perfcxmancc of 
this^ cun were compared, to an AS-— II simulation run with the same 
initial conditions.. This nominal performance case was run when 
all of the logic and equation analysis had been completed, 
be.cause minor software errors could invalidate the entire run 
which requited 27 hours of CPU-time and a minimum of 50 manhoura 
analysis time.. The intent o-f this run was to. check the 
implementation of the control scheme in the flight program. . 
Many more runs of considerably longer duration are required to 
properly verify all aspects of this implementation, but the 
resources were not available. Therefore, all off-nominal 
performance, val ida.t-i.o n. was performed w.ith.the AS-II Simulator. 
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3 • 7 • 4 • 1 • 6 . 


Mission Procedure Validation 


The baselinr program (PP80 plus S3091). was a completely verified 
because of., time, and simulator constraints, the 

unchanged were not reverified. 
The verification effort was directed mainly toward flight 

interactions between the changed and 
unchanged parts of the program. However, some of these 

not, obvious, and to check as many interactions 
as possible, the mission procedures were validated.. 

Mission procedures validation consists of simulating procedures 

simulator prior to implementing them in the 
These simulators were, analyzed to ensure that the 

correctly and that no unusual 
interactions or timing situations occurred. Examples of 'the 
procedures that were validated were: initial maneuver to EOW, 

maneuvers from EOW A to EOW B, return to solar inertial and 
maneuvers to TEA control attitudes. In addition to mission 
several contingency procedures were simulated such 
as APCS mode changes, redundancy management reconfigurations, 
entry into single CMG control, etc. 


3. 7. 4. 2 


Configuration Control 


Configuration control is the process of ensuring that the 
delivered software is identical to the software that 
successfully passed all verification tests. Prior, to the Skylab 
mission the large number of programmers, analysts and verifiers 
which were involved in software development- made configuration 
A ”*®3or —concern. A rigid set_.of guidelines were 
formulated which required documentation for all program 
releases, program trouble reports and software modifications. ” A 
Software Review Board consisting of representatives from the 
aifferent areas of software development managed the software 
configuration control. All change, to the program were tracked 
from conception until final, verification. Every precaution was 

and verifled*^*^^ delivered program was completely tested. 

The requirement for configuration control with the reactivation 
software was significantly reduced. The personnel involved in 
reactivation software development was a very small group working 
in the same area and sometimes numbering only four people. 
Configuration control was maintained during reactivation 
software development as described in the following paragraphs. 


The first step in configuration control wag. the. establishment of 
a baseline for each buffer development. . ths PP80 plus SWCR 3091 
was the baseline Software for the initial EOVV software 
development. When the initial software- modifications (PP81 
buffers 1-8) were uplinked between June 1 and June 5, 1978, this 
software then became the baseline for PP81 Buffer 9 development. - 
Thereafter, as each, buffer was implemented, t.r..t software became 
the new baseline for programming the next buffer. The same 
method applied for. the development of the si.ngle_CMG control law 
which was labeled the~PP90 flight program. The software which 
contained all PP8l buffers through Buffer 14 was the baseline, 
for the .initial single CMC control, program. PP90 Buffer 1 
through Buffer 16 contained the initial single jCMG control 
requirements {SWCR 4014) and became the baseline for FF9iL.Buf fer 
17 -(SWCR- 4017),. 

For each set of baseline software a corresponding set of sum- 
checks were computed. An incorrect set of sum checks would 
cause computer, switchover. By using the. SNAP, capability of the 
interpretive simulator, the sum checks were included. in the. 
simulation printout and if ewitchover did not occur, the flight 
program configuration was thereby known. 

Software, development of the new buffer load would be .initiated 
by the release, of a software change request (SWCR). 
Modification to the baseline flight program _ would thea be 
programmed so that the requirements specified by the SWCR would 
be loaded into.. the ATMDC computer. These modifications, along, 
with their sum checks were then: implemented into the 

interpretive simulator... by the. HEX . card capability for 
verification testing.. 

The modif ications-jwere then subjected to a~series of tests. Any 
errors that were found were documented as program trouble 
reports (PTR's) . The software was then reprogrammed, to correct 
the error, new HEX cards-were formatted and a new set of sum 
checks were- computed.. By snapping the sum. checks in the 
interpretive simulator, the. software, that was heing tested, was 

always known. All program corrections were retested unt.i.] the 

software passed all verification tests. 

When verification was complete, the- program modification were 
formatted into DCS. commands. The DCS commands were formatted on 
program cards for shipment to JSC in Houston, Texas.. Before 
these cards were released, they were reformatted by a special 
DCS convert program into DCS commands for the interpretive 
simulator. The memory load uplink of. the buffer, was then 
simulated cn the interpretive simulator.. By performing a desk 
analysis on the DCS. commands and verifying that the- simulator 
did not switchover after memory load implement, the 
configuration of the DCS memory load commands was. assured.. 
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A continuous simulation. was maintained in which the memory load 
buffers were loaded as they were verified. A restart point was 
made at the implementation of each buffer and was the starting 
point for the next buffer load. In this way, the configuration 
of the flight software was maintained. Each restart point was 
saved so that if a buffer that had been verified and delivered, 
but for some reason not loaded, the previous ..restart point could 
be used for another buffer development. 


3.7.4. 3 _ Exposures 


Only two simulators were available for flight software 
development during the reactivation mission; the AS-II and. 
interpretive simulators. - In order to develop the best software 
in the time available, certain risks had to..be taken.. These 
risks, or exposures., are listed below s 


1) . No performance validation was made with a real-time 

simulator 

2) No verification was made with a hardware simulator . 

3) No off-nominal performance analysis, was made with 

the actual- flight program 

4) Unchanged flight p.rogram_modules. were not reverified 

5) Sensitivity of'che new equations to variations in 
Navigation parameters, patch data commands and 
APCS component characteristics were not ascertained. 

6) Interaction of new logic with non-related existing 
capabilities of. the flight program was not verified- 
except by nominal performance and mission procedure 
validation.- 


Although these risks would not-have been taken for the original 
Skylab mission, they were considered acceptable for the 
reactivation mission software .development,. 
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3.7.5. 


Iroplemontatlon 


Modifications to the ATMDC flight software were implemented 
using the DCS memory load capability which, was resident in the 
ATMDC flight software. This capability was uSed 14 times during 
the original Skylab mission (References) and for all memory 
modifications during the reactivation mission. An additional, 
capability was made available -late in t.he reactivation mission- 
which allowed high rate updating of any amount of memory using 
the 72 Kbps RP uplink, via the_MHJ, to the ATMD C . 


The DCS command and memory load buffer descriptions were 
delivered to NASA for each flight software modification. The. 
format of. .these was similar to. the formats , used during the_ 
original Skylab mission, and was jointly agreed upon by IBM, 
MSFC, and JSC prior to the reactivation mission. The DCS 
command description Conta.ined the octal and hexidecimal command 
format, command type, • (i.e. , load. begin, address, data, etc..), 
hexidecimal. addresses and. data words to be loaded, and. a. load 
sequence, number . for each, command. . The memory load, buffer 
description contained the memory load buffer addresses and 
cor.r espond ing data words in hexidec-imal . format with special- 
notation buffer words used by the memory load .. routine itself 
(i..e., pointers). 

The procedure for real-time modification of the flight scftware 
involved ground verification of. the memory load buffer. The. 
memory load DCS commands were transmitted, in sequeace, to the. 
operating,. ATMDC where they were stored, by flight software, in 
a special area o.f the computer-memory reserved fo.r. the memory 
load information. This memory load buffer was. telemetered, upon 
command, back . to the ground support centers prior to 
iniplementation. The telemetry data was manually verified at 
MSFC and JSC and if correct, the memory load implement DCS 
commands, were, issued to the ATMDC:. If the buffer telemetry was. 
incorrect, the memory load buffer was reinitialized, the uplink 
commands were checked and corrected if necessary, and th.e memory 
load procedure -perfOtmed a.g,a.ia,.... 


-nd'griSnl 

paragraphs. Numbered buffLs (l-23?^Se?e^mfti?^4^^?4 following 
ATMDC software baseline anH V? were modifications to the 

..Yf5® oaseiine and were, all documented with SWCR's 


•Tu «»*w wete aj.j 

Buffers with numbers preceded bv 

fl Annnion ^ a/ 9 t.t4 4>U <9r.<r/nT*k i _ .Ml •• 


^ **.u*uwc4.o preceaea bv a ••d« /n«. 

documented with SWCR's. The "P" buffer aef Jll . - 

software modification to establish ® preliminary 

both ATMDCs by bringing the ppil^levf? 

Primary ATMDC up to the eouivalent pprs residing in the 

which was known to rlsldl^r^hff SWCR-S309] 

buffers were a combination o? ATMDC. These "P" 

during the original Skvlab documented 

case of any aiffioulties with thelc operation! buffets an 

h"w soft"a^e”L ?S\?Snr?he1p5S''Jlv efjSI? 

the Primary ATMDC up to the saL ifli *^®®i^in9 in 

in the Secondary ATMDC (PPJs" ySI"swCR.-S3091^ 
a common software-baseline to whlUh f 1 1 established 

mission software changes wars ifL reactivation 

Primary ATMDC on.5/3l/7l!^_ Iinplemented into the 

«l 9 ht \of?Sa?e ®was’''’?o®“«Svidi'' f “9*®- ATMDC. 

attitude maneuverin?, momentum maMoemeri”''* ‘ "S'* -logic tor. 
reference updating over strapdown 

End-On-Velocity-v2?to? JLtrM operation in the, 

provided the capability to maintai^a jode ^f operation 

for extension.of Skylab lifetime. _ orientation 

iSg'lo" and”"e?e *dnjSld"1y‘'’lwc“lJgSI 

iSllsJid 'iS?o‘'’?hr'p?5Lrr ir^ I 

implemented into the Primary ATMDC 6/5/78. * ^ff©r 8 _4«as . 

?empoflri?y cSan,”‘the’''’Mcr'?S^?ror gains “n '’ttl®%'"'Lis. 
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TABLE3-12 SOFTiVARE-MOQIFICATLaNSJOR SKYLAB REACTIVATION 


Kodificetic 



S4000 


S4001 


S4002 


S4003. 


S4004 


Title 


Upgrade ATT'.DC Software from FF50 
Level to FF80 Level ♦ S3091 


2 CMG EOVV operation including 
revision to EOWLStcapdown Update 
Test Constant 


[Number of, 
'Buffers " 


Change *'Z" Axis TAGS Only Control 
Gains 

Restore "2" Axis TACS Only Control 
Gains (Reset TO, ,T2) 


Change "Z" Axis TACS Only Control. 
Gains (FF80 + Buffers l-8i 


EOVV Sun Pretence Flag Definition, 
and ATMDC Telemetry Changes 


Change "Z" Axis TACS Only Control 
Gains (same as T2 but for FF80 + 
Buffers 1-10) 

Restore “Z" Axis TACS Only Control 
Gains (same as T1 but for FF80 + 
Buffers. I- 10) 

Prevent TACS Only Selection 


/Ajj Update for EOVV • 


Change In Calculation 


Reset bf S4003 and S4004 (Buffer 11) 








Final 

Disoositlon 


Implement Buffer. 
P1-P3 In Primary _ 
ATTIDC 5/31/78 

Implement Buffer 
1-8 In Primary 
ATKDC 6/l_t0 6/5/78 

Implement To. Buffer 

9 In Primary 
ATMDC 6/11/78 

Delivered to NASA 
6/1/78 

Implement Buffer 
T1 '1n4*r1mary 
ATMDC 6/9/78 

Implement Buffer 
T2 1 n Prim.ary 
ATMDC 6/9/78 

Implement Buffer 

10 In. Primary 
ATMDC 6/26/78 

Delivered to 
NASA 7/10/78 


Delivered to 
NASA 7/10/78. . 


Implement Buffer 
lOA In Primary 
AlMDC 7/24/78 

Implement Buffer 
11 In Primary 
ATT5DC 8/12/78 

Implement Buffer 
•11 In. Primary 
ATMDC 8/12/Tfl 

Delivered to. 
NASA 8/5/78 
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TABLE 3-12. 

SOFTWARE MODIFICATIONS FOR SKYLAB REACTIVATION (CONTINUED) 


Modification 

Title 

Number of -- 
Buffers 

Final 

Disposition 

S4005 

^yc Change After Strapdown Update 

1 

Implement Buffer 
13 In Primary 
ATMDC 9/11/78 

S4006- 

Automatic Update 

1 

Implement Buffer 
12 In primary 
ATMDC 9/8/78 

S4007 

EOVV Backup Strapdown Update Logic 

1 

Implement Buffer 
13 In.primary 
ATMDC 9/11/78. 

T13 

Reset olSilOaSL and S4007 (Buffer 13} 

1 

Delivered to 
NASA 8/24/70 

S4008 

Enable/Inhibit Standby Mode 
Following Switchover . 

1 

Implement Buffer 
12 In. Primary 
ATODC 9/8/78 , 

S4009 

Change V Test Constants 

1 

Implement Buffer 
12 In Primary 
ATMDC 9/8/78 

S4010 , 

Automatic CMG Failure Detection 

f 

- 

Canceled 8/1/78.. 

S4Q11 

TAGS Firing Limit 

1 

Implement Buffer 
12 In Primary 
ATMDC; 9/8/78 

S4012 

TAGS Desaturation foe EOW 

- 

Canceled 8/1/78 

S4013 

New TAGS. Only Control Gains 

*• 

Implement Buffer . 
17 InPrImwy 
ATMDC. 1/30/79 

S4i)14 

Single CMG Control Law (SC-EOVV) 

16 

Delivered dF 
Tape Containing 
SC-EOVV to. NASA 
1/15/79 

£401$ 

Gimbal Rate. Limiting Accuracy 
Improvement . 

1 

1 

• 

Implement Buffer 
14 In Prlmary 
ATMDC 9/20/78 

S401$l 

Definition of Backward EOVV Operation.. 

1 

Implement Buffer 
IS In Primafy 
ATMDC 11/3/78 
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TABLE 3-12 SOFTWARE MODIFICATIONS FOR SKYLAB REACTIVATION ICONTINUEO) 


Modification 

Title 

ESuQSoHHI 

Final 

Disposition 

S4017 

SC-EOVV Roll Rate Phasing Changes 

3 

Delivered RF Tape 
Containing S401Z 
to NASA 1/15779 - 

S4018 

New Requirements to Support SC-EOVV. 
Activation 

- 

Canceled 11/10/78 

S4D19 

Correction to Orbital Z- Axis 
Mo.mentum_Pred1 ctlon 

1 

Implement Buffer. 
16 In Primary 
ATMDC 12/3/78 

S4020 

Experiment Pointing Mode Enable 
DCSConmands, 

1 

Implement Buffer 
17 1ni>r1mary 
ATMDC 1/30/79 

S4Q21 . 

Solar Inertial Roll. Operation 

1 

Verified 2/9/79 

S4022 

TEA Control 

5 

Implement Buffet 

18-22 In Primary 
ATMDC 5/19/79 . ' 
and 5/20/79 

T14 

Nominal Qgj_ for T121P Operation 

j 

1 

Implement Buffer. 
T14 in Primary 
ATMUt f/21/I9 1 

S4023 

Qg^ Normalization 

1 

Implement Buffer 
23 In.prlma^ 
ATMDC 6/22/79 
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TABLE 3-13. MEMORY LOAD BUFFER IMPLEMENTAUON TIMELINE - 


Date 

Buffer 

Description 

5/31/78 

PI* P2, P3 

Upgrade ATMDC Software from FF50 Level to FF80 
Level Plus SWCR-S3091 (See Reference 2) 

6/1/78 

1-5 

First Five Buffers for 2 CM6 EOVV Operation (SWCR-S4000) 

6/2/78 

6-7 

Next Two Duffer.s for 2 CMG EOV.V Operation (SWCR-S4000) 

6/5/78 

■8 

Last Buffer for 2 CMG EOVV Operation (SKCR-S4000) 

6/9/7B 

T2 

Change "Z" Axis TACS Only Control Gains 

6/9/78. 

T1 

Restore "Z” /txis TACS "Only Control Gains 

6/11/78 

9 

Revision to. EOVV Strapdpwn Update Test Constant 

(SWCR-S4000) 

6/26/78 - 

10. 

EOVV. Sun Presence Flag Defiaition and ATMDC 
Telemetry Changes (SWCR 4001) 

7/24/78 

lOA . 

Prevent TACS Only Selection. (SWCR S4002). 

8/12/78 

11 

Update for EOVV and Change in’Jy Calculation . 
(SWCR-S4003 and S4004) 

9/WA^ 

12 

Automatic Update, Enable/Inhibit Standby Mode . 

Following Switchover, Change Test. Constants, and 

Provlde.TACS Firing. Limit (SWCR-S4006, S4008,. S4009, 
and S4011) 

9/11/78 

13 

7}yg Change. after Strapdown Update and EOVV Backup 
Strapdown Update Logic (SWCRfS4005 and S4007) 

9/20/78 

14 

Gimbal Rate-Limiting Accuracy Improvement (SWCR-S4015) 


207 



TABLE 3?13 MEMORY LOAD BUFFER IMPLEMENTATION TIMELINE (CONTINUED) 


Buffer 


Description 


11/3/78 15 


12/3/78 16_ 


Definition of Backward EOVV Operation (SWCR-S4016) 

Correction to Orbital Z-Axis Momentum Prediction 
(SWCR-S4019) 


1/30/79 17 


5/19/79 18-22 

5/20/79 


New TAGS Only Control Gains and Experiment Pointing Mode 
Enable DCS Conmand (SWCR-S4013 and S4020) 

i 

TEA Control ^ 

(SWCR-S4022) 


5/21/79 T14 

5/22/79 


Nominal for T121P Operation 


>/22/79 23 


Qgl^ Normalization 
(SWCR-S4023) 



mu® initial reacquisition of the Solar Inertial 
I^hese gains provided rate damping to +0,025 deg/sec 

nosiMftn fv«<a®v^® ®ii®wing gravident-gradient torques to 

to its normal SI orientation near the 
to^oLvei?”®! ^ +70 degree attitude deadband was also provided 
to prevent large attitude oscillations during the settling 

T1 buffer w« to «eto?e the I 
5®°^ their nominal values after the 
X principle axis had settled near the orbit plane. 

Buffer T2 was implemented in the Primarv ATMnr fi/Q/va 
iSd about the vehicl^ X 

Buffer 9: The purpose of Buffer 9 was to lower the bow 

thln^'^^nSminfr® AC^ required because lower 

tnen nominal acQ SS outputs, outside of its linear 

operating range, were causing EOW atrapdown updaLa to occur 

early (during the non-linear range) . This situatien u>ae 

the^unlfteS®? entering EOW operations. SWCR-S400 defines 

the updated test constant values. Buffer 9 was imni^mAnf 

the Primary ATMDC 6/11/79. . °urrer y was, implemented into 

Buffer 10: The purpose of Buffer 10 was to use the Sun 

Redundancy Management output. as the EOW sun presence indir«Af 4 nn 
instead of the logical Op'^of the sun presenSe^ ISSrlt^ 

duA® possibility of. erroneous strapdown updates 

presence failures during EOW ooeration ^ 

telemetry to^^aid^^ provided five more EOW parameters on ATMDC 
telemetry to aid- ground controllers in Avninat-inn 

maintaining EOW opecatlon. SWCR-S4001 defines biffer ll 
6/16/78?*"*° ■ la-«as, impl^ented into the Primacy ATMDC 

Buffer 10A: The purpose of Buffer 10A was to prevent automatic 

loss^^^fSr®^*??^® only control, and the resulting TAGS fuel* 
4. conditions. Buffer 10A also desLsitized the 
modified outer -gimbal drive logic to. prevent unnecessarv 

which®n EOW operation. Automatic. TAGS only selection 

which occurred twice prior to Buffer 10a rAmi/rlcq « V ' 

amount of TAGS fuel (1000 ibf-sec) which was critical to future 
operations. SWCR-S4002 defines Buffer 10A reguiremISts Buffer 
10A was implemented, into the Primary ATMDC. 7/24/78, 

Buffer 11: The purpose of Buffer 11 was to eliminate X y a»i« 

eliminate cow Y-axis offset errors durina offset 

Buffir^ii®’ ®WCR-S4003 and S4004 define Buffer 11 requirements. 
Buffer 11 was implemented into the_Primary ATMDC 8/12/78, 
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Buffet 12; The.purpo.se of Buffer 12 was fourfold; 


1) automatically adjust the EOYV nomijial 
momentum to provide a more timely response 
to current operating, conditions than was 
available with existing tracking station 
coverage 

2) provide DCS command capabilty to enable/ 
inhibit Standby Mode selection in the event 
of a computer switchover to minimize TAGS 
usage following a switchover. 

3) , desensitize CMGIA reference voltage- test 

constants to minimize, the change of.: an 
unwarranted CMG failure. 


4) provide an automatic TAGS firing limit, 
updatable vie DCS, to conserve limited _ 
TAGS fuel resources. _ 


Buffer 13; The purpose of Buffer 13 was to compensate the EO.W. 
Y-axis offset command for EOVV strapdown updates to update 
the backup strapdown reference when isolating rate gyro 

failures. SWCRrS4005 and S4007 define Buffer 13 requirements. 

Buffer 13 was implemented, into the Primary .ATMDC 9/11/78., 

Buffer 14; The purpose of Buffer 14 was to increase the 

accuracy of the CMG. gimbal rete limiting computations. .The. 

computational accuracy at low rate limit values (1 deg/sec. was... 
selected to minimize CMG wear) actually allowed ..larger gimbal 

rates ( 2 deg/sec) prior to limiting. SWCR-S4015 defines the 

Buffer 14 requirements. Buffer 14 was implemented into the 
Primary ATMDC 9/20/78. 

Buffer 15; The purpose- of Buffer 15 was to provide the. 
capability for EOVV operation either with. the MDA toward the. 
positive velocity vector (EOW A operation) or with the MDA 
toward, the. negative ve.locity vector (EOVV B operation) .. The 
EOW. A and B attitudes were selected, via DCS. command, based on 
the sun angle (Qi) being positive— and negative, respectively. 
This prolonged CMG 2 lifetime by increasing., its operating 
temperature with solar heating. Buffer 15 also, provided 
increased capabilities for delayed ZLV and SI maneuvering to. 
maneuver between EOW A and B attitudes independent of tracking 
station coverage. SWCR-S4016. defines the Buffer 15 requirments. 
Buffer 15 was implemented into.-the Primary. ATMDC 11/2/78. 
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Buffer 16: The purpose of Buffer 16' was to modify the orbital 

Z~axis momentum prediction during EOW operation to include all 
four momentum samples during EOW. B operation. -Different timing 
in EOW B operation caused some sample data to be ignored. 
SWCR-S4019 defines the Buffer 16i requirements. . Buffer 16 was 
implemented into the Primary ATMDC 12/3/7a. 

Buffer 17: The purpose -of Buffer 17 was to change the TAGS only 

control gains to be compatible with the. lower TAGS impulse that 
was available during the reactivation mission.. Buffer 17 also 
provided the capability to activate, via DGS' command. 
Experiment Pointing Electronic Assembly (EPEA) functions during 
any mode of operation. SWGR-S4013 and S4020 define the Buffer.. 
17 requirements. Buffer 17. was implemented into the Primary 
ATMDG 1/30/79. Th.e EPEA. activation capabilities were never used 
in order that any chance of jeopardizing future reboost/deorbit 
plans could be avoided. 

Buffers 18 through 22: The purpose of Buffers 18 through 22 was 

to provide the capability to control Sk.ylab as its altitude 
decayed toward reentry in a Torque, Equilibrium Attitude (TEA). 
Vehicle control in the SI . and EOW operating modes became 
impossible below the 140-145 n.m. altitude range and Skylab 
reentry pans required that vehicle control be maintained. down to 
the 80-70 n.m. range. SWCR-S4022 defines the buffer 18 through 
22 requirements. Buffers 18, through 22 were implemented into 
the .Primary ATMDC on 5 /19/ 79 and 5/20/79. „ 

Buffer T14: The purpose of Buffer T14 was to reinitialize, the 

desired attitude .reference for TEA control. This was necessary 
to reinitialize the reference quaternion to compensa.te for 
computation, drift -in TEA control operation. Buffer T14 was 
implemented into the Primary ATMDC three times from 6/21/79 to 
6/22/79 while a permanent software modification was being 
prepared. 

Buffer 23.: The purpose of. Buffer 23 — was to maintain 

normalization of 'the TEA reference quaternion thus, eliminating 
the effects of computational drift associated with reference- 
updates during TEA control operation. SWCR-S4023 defines the 
Buffer 23 requirements. Buffer 23 was implemented into. the 
Primary, ATMDC 6/22/79. . 

One additional memory load buffer was implemented into. the. 
Primary ATMDC. during, the reactivation mission. This buffer was 
developed prior to and used .during the original Skylab mission 
to reenable the use of. external interrupts declared to be 
occurring, excessively by onboard software tests by resetting an 
interrupt inhibit mask. SWCR-S3013 from the original SJcylab 
mission, defined the requirements for this buffer. The. interrupt 
mask reset buffer was used several times during the reactivation 
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to reenable use of the 24 pps interrupt which . failed when the 
ATM transmitters wero cycled to conserve -electrical power. 

Several other memory load buffers, most notably the 16 buffers 
associated with the Single. CMG Control law, were developed 

during the rr .activation mission (See .Table 3-12) but were’ not 

implemented inwO either ATMDC. 


4.0 


THERMAL ENVIRONMENTAL CONTROL SYSTEM 


4^1 INTRODUCTION 


Two of the Skylab Thermal/Environmental Control Subsystems were 
used during the reactivation period. The Airlock Module cooling 
loops were used to provide cooling for. the Airlock Module 
battery and electronics modules. The 02/N2 gas supply system 
was used to maintain the Skylab internal pressures above .l..psia 
to provide a passive environment for the rate gyros. The. 
following paragraphs provide brief, functional descriptions of 
these systems, summaries of the status of the systems at the end. 
of the active Skylab. Missions, and summaries of performance and 
operation during the reactivation period. More detailed system 
descriptions and active Skylab Mission performance information 
are available in Reference 16._ Brief “discussions of “the. Skylab 
thermal environments, status of the OWS sun shields and Skylab 
temperatures during the final orbits are also provided. 


4.2 AIRLOCK MODULE COOLING LOOP 


4.2.1 System Functional Description 


The Airlock Module (AM) cooling system (Figure 4-1) performed, 
several functions during the. active Skylab missions. It removed 
latent sensible heat from the internal atmosphere, provided- 
cooling for the crew, during EVA activities., cooled EREP and TM 
equipment, and provided cooling to a varie.ty of other equipment 
including the Airlock Module battery modules and electronics- 
modules which contained transmitters and. other communications 
components. Two separate (primary and secondary), coolant . loops 
were provided for redundancy. 

Temperature regulation within each cooling loop was provided 
automatically by three temperature control., valves.. The key 
control points were the 47. P.. control valve at the. inle.t to the 
atmosphere temperature jcontrol heater exchangers and the 40 F 
valve at the inlet to the battery/electronics modules. The 
system was designed to allow the atmosphere heat exchanger- inlet- 
valve to take precedence, and let the battery module valve 
control-whenever total system load permitted. . _ 







Each loop had two pump packages containing three coolant 
pump/motoc units. Three -inverters were provided for each loop 
to. convert spacecraft supplied DC power to th'^ AC power required 
by the pump motors. During normal orbit operations, one 
pump/inverter combination was operated in each loop. However, 
during conditions of low system load (e.g. storage between 
missions), one pump in a single loop was. operated.. 

Heat was transported from the various sources within, the system 
by Coolanol 15 to a radiator mounted on the Multiple Docking 
Adapter (MDA) and AM Structural Transition Section (STS) where 
it was rejected to space. Transient heat rejection was 
supplemented by two thermal capacitors (charged with tridecsne- 
wax) plumbed in series with the radiator. The .total heat 
rejection surface area of the radiator was 432 ft. 


4. 2.. 2 . Status After Skylab Missions 


Although some problems occurred, the Airlock Mo.dule Cooling 
loops generally perform.ed well during the active missions.. Pump 
flowrates were always higher, than specification requirements. and 
overall cooling capabilities exceeded preflight predictions for 
nominal conditions. At the end of the last mission, all 
components within the coolant loops were operational except for 
inverter one in the secondary loop which had failed during the 
first manned mission. The major problems associated with the 
system during the active-missions were coolant loop leakage and 
sticking of control valves.. The status of the system at the end 
of the missions relative to these problems, are summarized in the 
following paragraphs. 


4. 2.2.1 Sticking of Thermal Control Valves 


During the first Extra Vehicular Activity (EVA) on the first- 
manned mission, the 47 degree F control, valves at the inlet ^ to 
the atmosphere temperature coatrol heater ejcchangers stuck in a 
fixed position in both the primary and secondary loops.. It was 
determined that the sticking was caused by contamination which 
originated in heat exchangers which were only used during EVA 
operations.. Procedures . were developed and implemented which, 
resolved the problems and returned., the valves to normal 
operation. However, whether, or not the valves would function 
properly was a concern .when. the cooling. loops were reactivated 
in April 1978. 
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4 ^. 2. 2 


C661ant Loop Leakag e 


primary and secondary coolant loopfi leaked during _the- 

in the primary loop depicted the- 
Th^ reservoirs during the Skylab Missions,. 

The leakage in the primary loop depleted. the reserve coolant in 
the reservoirs during the second manned mission. A reservicing 
Kit was designed and fabricated and carried to Skylab by the—, 
crew for the third manned, mission, . The loop 4 ^?as successfully 
serviced and normal^ operation of . the loop was restored.' 

However, fluid continued to. leak from the loop. While_the 
secondap loop did no.t require reservicing, by the end of the- 
last mission the reservoirs were almost empty, without coolant, 
fluid in the reservoirs., the required. pump inlet pressure could 
not be maintained. This would result in reduced flowrates, pump 
and, possibly, pump failure. Since. it was expected., 
that leakage, would have continued over the four' year , period 
between the last manned mission and the reactivation period, 
this constituted a major concern. at the time of reactivation. 


4.2.3 


Reactivation to Splashdown 


During the initial communications with Skylab in March 1979, 
telemetry data was received which, indicated that adequate 
Coolanol 15 was probably present in both the primary and 
secondary coolant loops to. permit operation of the loops.. A 
direct comparison with loop pressures at the end of the Skylab 
Missions, was difficult at this point- since overall, loop 
temperatures were significantly higher due to the vehicle 
attitude. However, the loop, pressures indicated that some fluid 
was still in. the reservoirs of both systems. This was not 
expected based on leakage rates_seen during the active missions. 
The initial communications -also ver if.ied that temperature and 
pressure instrumentation ia the cooling loops was still; 

operational... Most of the sensors -which were, functioning at the. 

end of the last Skylab Mission were sitll providing realistic 
data. 


Both the primary and secondary loops were activated during the 
reactivation period op April 24 and 25, 19.79., to. determine their, 
operational status and capability, to. provide cooling for the 
battery and electronics modules. The checkout, consisted of 
operating one coolant pump/inverter combination. in each loop and 
monitoring appropriate data. 
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The. temperature edntrol valves in both loops modulated properly 
and provided outlet temperatures within their design control 
band. Pump.differential pressures were nominal. The following 
brief data summary, illustrates the operational status of the 
coolant loops. 

After two orbits of operation of the primary loop, the followina 
data was obtained: . ^ 

1) — ^The temperature at the outlet of the control valve 

upstream of the cabin, hent exchangers was 47*P 
(design., range, 47+3*P). 

2) The temperature at the outlet of the control valve up- 
stream of *the battery electronics module was 41* P' 

(design range. 40* +2* or- -4* P), 

3) The. pump differential pressure was. 57 psia which was a. 
nominal value for design flowrates. 

4) The pump inlet pressure was 21 psia with the pump oper- 
ating as compared to 24 psia at the end of the. missions. 

The following data was obtained during an eight minute operation 
of the secondary . loop: 

1) The temperature at the outlet of - the control. valve up- 
stream of the cabin heat exchangers. jnodulated from an 
initial- temperature of 53* F to 48* F (see Figure 4-2).. 

2) The temperature at the outlet of the control valve up- 
stream of the battery electronics module modulated from 
an initial tempera.ture of 56*F, to 41*P (Figure 4r3) 

3) The pump differential pressure increased to 75. psia 
when the pump was turned on and decreased to approxi- 
mately 57. psia during the operational period (Figure-— 
4-4) , This was repres_entative of nominal startup 
operations. 

4) The coolant flowrate into the warm inlet port of the 
47 F control valve. upstream of the cabin heat ex- 
changers increased to. approximately 240 pounds per hour 
during the operational period. As can be seen from 
Figure 4-5, there was a delay of approximately 50 
seconds prior, to initiation of ' flow into this port.. 

This was representative of nominally expected oper- 
ation since the valve and coolant fluid in the lines 
connected to. the cold inlet port were abo.ve the 
control point of the. valve which would result in the 
valve being fully open to this port. The delay was 
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requirea to bring cold fluid from the radiator to the - 
valve. The flowrate waa representative of values 
observed during the active missions for similar 
conditions. 

5) The pump inlet pressure was approximately 18,7 psia with . 
the pump operating as compared to approximately 19 psia 
at the end of the Skylab Missions. The coolant 
reservoir fluid low level indicat ion. was 
on^ as it had been at the end. of the Sky lab. Miss ions. 

It was thus established that both coolant loops were operational 
and that key components within the loops still functioned, 
properly. Except for some additional coolanol 15 loss due to 
leakage r the status of the loops appeared not to have degraded - 
since the end of the Skylab missions. The major uncertainty 
relative to the continued capability to support planned 

operations was. associated with coolant leakage. The coolant 

leakage rate over the four year period between final Skylab 
deactivation on February 9 , 1974, and reactivation on April 24, 
1978, was significantly lower than observed during the Skylab 
Missions. The average leakage rate for the primary loop prior 
to reservicing during the active mission was approjcimately .09 

pounds/day and the average leakage rate -after reservicing was 

approximately .012 pounds/day. Over the four year storage 
period the leakage rate was spproxiroately .0017 pounds/day. 

Since the coolant loop was operated during the Skylab Missions, 
(with resulting higher overall system pressure levels) and was 
off during the long storage period, a strong possibility existed 
that loop operation was_a major factor in the difference in 
leakage rates. While average system temperatures could also, 
have contributed _to the difference, the vehicle attitudes to. be 
employed after reactivation would reasonably approximate the . 
Active Mission environment and if storage attitudes had been _ 
favorable, this factor would not be present. If the primary 
loop leakage rate returned to the rate observed prior to 
reservicing, more than 25 days of continuous operation would 
completely deplete the fluid in the reservoirs. Therefore, a 
decision was made to turn one of. the coolant loops on only when 
required to maintain battery and electronics equipment below 
allowable temperature limits. . In order to minimize the required 
loop operational time use of elements of the Airlock Module 
Power Conditioning Group (PGG's) was carefully controlled by 
monitoring equipment temperatures, and bringing elements on and. 
off-line to the maximum extent possible to allow cooling without 
use of the coolant loop. 
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Even with restricted operation, it was quite likely that the 
reservoirs in the primary loop would be depleted long before, the 
end of Skylab activities and the coolant Joops would be required 
to ooerate at inlet pressures far below the design value* 
generated during the Skylab Missions indicated that 
Sump would operate with inlet pressures as low as 
However, the pump was cavitating at pressures below 3 Psia and 
no data was available to. gi,.ve an indication of expected lif® 
this regime. Therefore, a series of ground tests were 
at MSEC — to provide additional performance data at low inlet 
pressures and_ to establish performance - characteristics. A 
coolant pump was operated at an inlet pressure of .75 psia for, . 

total of 515_hours with, the pump being turned on and off. 351, 
times (once, every 90 minutes) . At this inlet pressure, level, 
the flowrate was 224 pounds/hour . ^he pump was then, operated at 
an inlet pressure level of .35 psia a total I®® 

with the pump being turned on and off, 68 times. At .35 
the flowrate was 50 pounds/hour. It was also estab..ished that 
at .28 psia, no flow occurred and the pump was operated for 3 
hours at this level. After these tests, the pump package was„, 
completely disassembled and inspected for signs of oj - 

unusual wear and none was detected. These tests indicated that 
the coolant pumps could be expected to provide sufficient flow , 
for cooling the battery and electronics module as long as__ the 
pump inlet pressure, remained above .35, psia. 

The residual coolant fluid in the secondary loop, reservoirs was. 
depleted soon after reactivation. (The exact, date is unknown, 
due to system anomalies during May which made the secondary pump, 
inlet pressure sensor data- unavailable#.) On July 22, 1979 f 
during a routine operation of_the. primary loop, the 
pressure decreased to 8.0 psia, indicating that 1®® 
depleted the fluid in the ureservoirs. After depletion of fluid 
in the reservoirs (and resulting loss of positive. .pressure 
control), the pump inlet pressures variedt_ depending on ®Y®’^®9® 
fluid loop temperatures. The minimum value, observed in the. 
primary loop.was 1.9 psia. When operated at this p.ressure the 
flowrate was approximately 160 pounds/hour (nomin^ flowrate, for 
either loop is approximately 260 pounds/hour). The nominal 
minimum indicated pressure for the secondary loop was .3 ^ 

but values, of 0.0- were occasionally seen during pump operation. 
At inlet pressures of 0.3 psia, the- flowrate was 
vary between 30 pounds/hour and 100 pounds/hour*. ®®^®~ 

uncertainty exists on the actual pressure . levels present in the 
loop due to pressure gauge inaccuracies. The range of the gauge 
was 0J-100 psia. _ 

Although the flowrates sometimes were lower than design values, 
the coolant loops we t.e always capable of. providing the cooling, 
required. This can be attributed largely to the very low total 
heat rejection requixemeuts for . reactivaion activities as 


223 


compared to the design capability of the system which included . 
significant heat rejection requirements from equipment not 
functioning during the reactivation period. The secondary:, 
coolant loop was frequently operated in the cavitation regime^ 
but no evidence of damage was detected. Both coolant loops were 
still operational at the end of SKylab^s life. The secondary 
loop was on and data indicated that it was operating properly 
over the last ground station (ACN) during reentry. 


4.3 GAS SUPPLY SYSTEM 


4,3.1 System Functional Description 


The Airlock Module gas supply system (Figure 4-6) provided 

oxygen, and nitrogen to maintain the Skylab internal pressure at 
design levels, oxygen for. "use by the crew during EVA, and. 
nitrogen for experiment use and for maintaining required ~ 

pressures on selected systems. Gaseous oxygen was stored in six 
cylindrical metal lined fiberglass tanks located on the fixed. 
Airlock Shroud, A total of 6113 pounds were initially loaded 
into the. tanks. Gaseous nitrogen was stored in six spherical 

titanium tanks located on AM trusses. A total of 1620 pounds 

were initially .loaded into the tanks. 

The pressure within the. oxygen and nitrogen tanks was . initially 
approximately 3000 psia. The oxygen passed through..a 120 psig 
regulator assembly to solenoid valves which were used to supply 
oxygen for internal pressurization to quick disconnects for EVA 
use and to a 5 psia cebin pressure regulator for automatic 
control of internal pressure.,. The nitrogen passed, through a 150 
psig regulator assembly to solenoid valves which were used for 
internal pressurization to the cabin pressure regulator, to. the. 
Molecular Sieve pneumatics, to a 35 psig regulator for pressure 
control of the OWS water tanks and to a 5 psia regulator which 
maintained pressure on the EVA and ATM C&D/EREP cooling system 
reservoirs. A supply line was also provided directly from the 
nitrogen storage tanks f.or experiment use. Both the nitrogen 
and oxygen systems also contained latching solenoid valves 
downstream of the storage tanks. All six oxygen storage tanks, 
were connected into a common tubing and gas from all tanks was 
utilized for all system functions. Four of the nitrogen tanks 
were connected by common tubing which, supplied all system 
functions. The two remaining tanks were normally reserved for 
experiment use but could be connected to the main supply system 
by opening, a . velve. This function could only be performed by 
the crew. 
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FIGURE 4-6 GAS SUPPLY SYSTEM 
















4.3.2 


Status After Skvlab nissiona 


««‘»9 <=•>« SKyUb 

nitrogen was available without the two^nit?Jfln sufficient 
for experiment use. thev were nevA.- nitrogen tanks reserved 
system. Therefore, the residual main supply 
available for Sk^lab p^ssurJ^^M^S®®! was not 
period. At the end of the reactivation 
pounds of nitrogen remained^in ®PPr°xi”“ately 2442 
nitrogen- supply system. Another 33 i connected to the 
isolated nitrogen tanks. ^^1 pounds remained in. the two 


4-.3.3 


Reactivation to Splashdown Perin^q 


Data obtained durinci thA in-inai « . 

jjajch 1979, indicated tha^ relati?el5 lltM"''®^^°" with Skylab in 

had been lost from th^ tanks nitrogen 

4-1. These data, when compared ;lt^1ata ?rA^^^"‘^®‘^ "" '^^'^1® 
indicate that less than 60 pounds of ov^Ln 1®^^, 

pounds of nitrogen had leaked from the system! 

and the habiLbL^^volSe^*^was^^prJssuJ activated 
approximately 0.6 psia! The nitrogen to 

provided .outlet pressures wUhin ^ts^ L >^®9«lator. 
PUl and supply solenoid valves aJso olerfled^ootfloll^'^*”""- 

the initlal'IreslurlMtion'to establish'^ -Pstiod following 

pli. a^d“§nblj“? 

«.« and 0:55 psilf‘®Mhen J«?iooJJKa'f"ir!!‘='^ “efween , 

pressure of '5 psia, the overall ^ ^ >^o”'inal operating 

to the specification 

evaluations during the storage periLs^^AfSA"*^®^*^®^- Similar , 
Missions had- established leakfSf rf*. ^®tween manned Skylab 
pounds/day at 5 psia. ThL overf?! i of approximately^2.7- 
factor of approximCtelv fiSr i increased by a 

indicated tha?^^e*^^:t1^^:s lel^ eS^ o?^ V* 

^lSetta"?e‘d. t^rii^SliLlf s^^SctL*!' "» -S?^t1idf *%‘|L 

«?el tanks, 

inadequate to maintain, the desired interXal™press«e "iwr ’’the 
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expected length of the reactivation period, a decision was made 
to use the oxygen system. along with nitrogen and to maintain the 
02/N2 mixture within the habitable volume near the. design value 
of approximately 70 percent oxygen and 30 percent nitrogen. On 
July 20, 1978, use of oxygen was initiated. The 120 psig 
regulator provided outlet pressures within its design, 
specifications and 0 fill and supply valves also functioned 
properly. Data obtained from the • two active oxygen partial 
pressure sensors in the Airlock Module indicated that the 
sensors (and. associated electronics) were still functioning. - 
The oxygen_partial pressure indicated by the sensors was quite 
close to the expected value. This was unexpected since, the 
sensors were limited life items. Spares had been provided 
on-board for possible replacement, durijig the. active Missions. 
Use of the. pressurization system on a periodic basis, continued 
throu ghout the rea c.t.i.v.a±ion perlo-d. No anomalies were detected. 
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4.4 


SKYLAB THERMAL ENVIRONMENT 


4.4,1 Skvlab Thermal Control Status 

After Skvlab Missions 


Thermal control for the. ATM, AM, MDA and OWS was achieved with a 
wide variety of passive control techniques, heaters and coolant 
loops. The design techniques and performance summaries for the 
active missions are contained in References 7, 8, and 9. Except 
for the anomalies associated with the Airlock Coolant Loop. 
discussed in section 4,2, there were no identified concerns, 
based on performance observed during the active missions which 
might have impacted the success of the Skylab_reactivation. One 
area of interest, however, was the status of the sun shields 
which had been installed on the side_jof the OWS meteroid shield 
during launch. Data obtained during reactivation indicated that 
the shields were still intact and effective (see section 4.4.3). 


4. A,. 2 Environment During Storage 


Thermal analyses were conducted in ia?4 (Reference 10) to 
establish the expected range of Shylab temperatures for the 
gravity gradient attitude which the vehicle was expected to 
maintain. While this attitude. was not maintained over the. four 
year storage period, the predictions did represent, the 
temperature extremes which might have occurred. Some 

representative extremes are provided in Figure 4-7. A review of 
available data prior te the reactivation period indicated that 
most Skylab equipment would probably not have., experienced, 
temperatures which would have resulted in damage. One area of. 
concern, ho.wever, was the ATM. batteries.. Minimum predicted- 
temperatures for these batteries for the worst. possible attitude 
indicated potential temperatures .of -130.®P. which is near the 
freezing point of the electrolyte. . Had the. electrolyte frozen,, 
it was expected that the batteries would not recharge. However, 
the batteries, were successfully recharged, during the 

reactivation pe;r.iod, indicating that freezing _d,id not_occur. 

Another concern was that the predicted minimum temperatures in 
the MDA/AM area could have frozen the water in the EVA or 
ATM/C&D coolant loops which interfaced via heat exchangers with 
the Airlock Module coolant loops with resulting potential 
rupture of heat exchangers and leakage of coolant. Performance 
of the Ainlock Module coolant loops after, reactivation indicated 
that this did not occur. - 


-73.S* ,liAX TEMPERATURE^ *F 



GRAVITY GRADIENT ATTITUDE 



4 . 4.3 


ReaGtivateion to Splashdown 


Data obtained during the initial activation phase prior to 
achieving attitude control indicated r.elatiyely moderate 
-temperatures throughout Skylab. A brief . summary .of 
representative temperatures is provided belovu 


MPA 

Internal Temperatures 50 to 55..P 


External Temperatures 

- Under, radiator 50 to 55 F 

- Black -SniLf a c e 10 .0 t.Q , .11.0 , P 


Internal-. Temperatures 50 to 60 F. 

ATM 

Overall Temperature Range ,5. to 40 F. 

Fixed Airlock Shroud 
Overall Temperature Range 55 to 75 F 
OWS 

Internal Average Temperature >.120 F. 

External Cylindrical Wall Temperatures 100 to 190 F. 


Radiator Temperature - 90 to -100 P-. . 

After attitude control was achieved, the vehicle, was place.d 
first in the solar inertial (SI) attitude (.which had been the. 
predominant attitude, during the active missions) and. later into 
the End on Velocity Veotor. (EO.W) attitude. When these 

attitudes were, obtained, which resulted in returning the. OWS sun 
shields to their correct orientation,, the OWS internal 
temperatures began to. decrease.. At the time of vehicle., 
reorientation, the OWS. averse e internal temperature was greater- 
•'than 120 F (sensor limit.). Over, the next few days, the cool 
down of the OWS interior was consistent with the cool do.wn_ seen, 
after the initial shield (parasol) was deployed at the beginning 
of the first manned mission (Figure 4rr8). These data indicated 
that -the sun shields were still intact and effective in limiting 
the OWS. internal temperatures. OWS, internal temperatures 
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remained . at expected levels throughout the reactivation oerios 

when the eun shields. were correctly orientated!. “ 

?hr*oSs‘“‘pM temperature measurements on 

1 ou 1 MDA and OWS radiator were monitored durina the 

during the initial reentry, phase to 
provide data on aerod-ynamic heating, of the vehicle- Data from 

Table 4 2, No discernable increases in temperature were 

to increasi^JL^f^^® reentry orbit. Temperatures were observed 

between Ida SJI ®°">® over the lb minutes 

Detween BDA and ACN. The. maximum temperature seen at 57 

miles over the final ground station was 275 P at one-' 
Fixed Airlock Shroud. As can be seen from the 
data, however, most temperatures were still quite low. 
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TABLE 4-2. SKYLAB EXTERNAL TEMPERATURES DURING INITIAL REENTRY PHASE 













5.0 ELECTRICAL EOWER SySTEM. 


5U INTRODUCTION 


The Skylab power system constated of two power sources,. 
charaer Battery Regulator Modules (CBRM s) , and the AM Power - 
Conditioning Groups (PCG's) and a distribution system. Figure 
5-1 depicts -the relationship of the key elements 
Reference 11 gives, a complete description of the system. The 
?act Shit it wL able to-survive four years of.' orbital storage, 
and still maintain most of its operational capability was truly 
IlmaSkIble! in the. sections that follow the- Skylab power system 
will be taken through its . orbital ®torap period, system 
activation, system operation, equipment failures, and final y 
through a section dealing with, lessons l e . axne . d . 


5.2 — Orbital Storage 


The- most important element af the orbital storage environment 
Itfec?inq power system was the temperatore extremes 

Ixoltienled by the balteries,. solar arrays and electronics 
Thermal analysis o.f the gravity gradient attitude, which the 
vehicle was^left in at the end of the manned mission, indicated 
lolcprl wolld be the.cold temperatures. The ATM. batteries 
rmild be expected to. go to -90 C"and the. AM batteries to. -43 C. . 

The power electronics, .chargers and regulators, were 

oroximitv to the batteries and experienced the same.. 
tISperatires. The analysis did no.t specify temperature 
for^the..Solar Arrays.. Data from the gravity 

at the end of-- the manned mission indicated the Solar Arrays 
Iluld ranie down to and below -60 C. At the beginning 
Zned mission, when 

-85 ""c tIIII So data points, represent, the type of . 
environment probably seen by the Solar Arrays for most of -the 
Ilorlir period, and indicate their probable, range of cold 
temperatures. 

The ATM batteries each had a small parasitic load which 
completely discharged them within a few mon.ths after, the start 
irthfor^tai storage- period in February of ^974 . Four of . the 
AM batteries were left powering their respective Amp Hour 

Intbgrator.s and completely ‘^j^^^-ot-Large*’ (SOC) 

othe.r four. AM batteries were, at 70 to 85% 

aid left open. circuited. These batteries ^“11 showed over 30- 
VDC when first checked again fr.om Bermuda .in March. 1978 after 
four years of storage. 
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F 

degradation from any of these effects^ system 

actual environment waa not no^^^hflK* Measurement of the 
first reactivated irMarch^o? iQ^ because, when the vehicle was 

attitude. Teslllir IS ^ 

more favorable temperature environment for thSehicIe? 


Power System Reactivation 
AM Battery Reactivation 


The recommended procedure for rptuminn •> m; o j t. . 
capability after an extpndf»ri ^ Ni-Cad battery to full 

complete charge/discharge cycles saveral 

purpose of this i^ to aTS ?n The 

electrolyte on tlie active surfaces redistribution of 

result Jhen the batJIrv is uJe^ "ill 

associated with rtf. AM bat?eri!f «l®ctroai?s. 

accomplish a low rate shallow cvclino^ that Possible to 

battery at a low SOC ?hio ^ ^ "°'^1^ l^®®'^® tbe 

batteries in early MarSi97fletn f tempted on two of the AH. 

that the in?ermittenf SolL Arre^ n <3®termined 

tumbling vehioirwould not .imi available on the 

suppleminted % batJIry dX activity unless 

iS"S's£;““ S:;:“ 

commanded configuration BatferJ ^7 ^ ^ responded to the 

and aemonstratel ariC?Iitrt^rL%’orJ\"Ul^di^JL'^“Lad1r'^*" 
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increased vehicle activity anticipated when 
support aystem was ready at JSC involved putting three 
more batteries, 2, 4, and 5, into the shallow cvclina 

These batteries were left in that mode until the 
vehicle reactivation was continued from JSC in late April .^1978? 
At the beginning, of the reactivation, activity at JSC it was 

apparently experienced problems 

cvciiSfl 2 was no longer shallow 

chargers 2 and 3 was later 

result from a spurious command that 
had disabled the chargers^ When the chargers were enabled again, 
it was possible to charge their batteries. It was decided to 

flexibiiiti batteries to provide maximum opexational 

flexibility in supporting the planned vehicle reactivation. 

because 'a 4 - Shallow cycling was not implemented 

chargers 2 and 3 had not 
been identified and they had. experienced failures while in the 
^ configuration.. Table 5-1 summarizes. the 

preparation done on each battery before bringing it up at full 
charge rates. Subsequent mission performance did not show any 
noticeable- differences in characteristics among the battexies. 
regardless of how they had been reactivated. 


TABLE 5-1 


BAT 

4 & 5 
7 
3. 


1 , 6 & 8 


PREPARATION 

Shallow Cycle- for about 6 weeks 
Shallow Cycle for two days 
-May have shallow cycled for up to two days, 
then 6 weeks open CRT. stand 
Shallow lycle at. least -one day^ 
possibly up to 6 weeks 

No preparation 


5.3.2 


ATM Battery Reactivation 


Reactivation of the ATM batteries was originally thought to be 
impossible since the CBRM electronics had an automatic battery 
cut-off feature that would disconnect the battery if its voltage 
was below_26.4 VDC. As the CBRM batteries had been completely 
discharged by parasitic loads, this automatic disconnect would 
prevent charging of the batteries. However , testing performed on 
the ground, showed that a small burst of charge would get into 
the. battery every time a "CHARGER ON" command was issued. If 
this command was given repeatedly the battery voltage would 
slowly build up until it was high enough such that the battery 
wouxd stay on. The battery would then, be charged at the— full 
rate as. the CBRM chargers did not have a selectable charge rate. 
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vehlele,,An late April 1978. 
CHARGER ON.' commands were issued to a particular cbrm != 

“to Ptooess theSfabou? 

wa“ lew '^hat this procedure 

th““"hit^h' ‘*'® cotiblnation’of vehicle attitud“ind°chan 9 es® in 

one^°hif»' D °“®'"an<3a were required..to bring up 

one battery. By the end of May 1978, all but 4 of thris^CBRM 

batteries had been reactivated.. ^ ^ cue ^ or tne 18 CBRM 

The four batteries in CBRM's 3. 4 ] *? an/i i« . 

reactivafepf? prom ■a i were, never 

batter J^c^SJ^^norL ut ‘‘' 0 %;^'’??= ?„^??:l?“IreS 

alain is l?'’hif iTiL Solar. Array contaotor'^stuif opin'. 

^ 5u the manned mission, and it could not be used 
after that. Charger 16. initially responded very poorlv to th#» 

biiic the .co™iiLsniquei« i?d 

Boiiiii^^'^ai the fill i®"'’ tp ebove 26.4 volts, 

owever, as the full charge, rate then brought the batterv 

tripped off. Apparently^ the 
battery voltage high trip circuit had failed such that it^would 

CBrL O^lf ^sed^""h\s^ 

some of the’load in_ 

The battery in CBRM 6 did not require this procedure 

due^ on sometime during' the storage period 

. j allure in its "SJfSTEM ON" command, circuitry. This 
prevented -eny of the normal CBRM cut-off functioS fro^ 
operating. The battery had cycled at a normal rate bnf 
very low SOC.as this single CBRM could not support the parasitic 

share the. load, this batteiy then charged up and beaan to 

operat® .normally exc®pt. tor. evidence of oie _or ' two ih«tid 
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5.4 


Power System Operation 


5 . 4 . 1 System Characteristics I 


The -Skylab power system's two power sources., the ATM CBRM's and 
the AM PCG's, and a distribution system are shown in Figure 5-1. 
The power, distribution system allowed the two sources to be tied 
together and thus any vehicle load could receive power from 
either source. Management of this system was directed at 
effecting the proportion of the, total_load that_was supplied by 
each source. 

Determination of the desirable load distribution was influenced, 
not only by the maximum energy available from each source but by 
the operational consttaints associated with each source. The 
PCG's were very flexible:, the PCG. Regulators could be switched, 
between two busses, each Solar Array Group (SAG) could be. 
switched between two PCG's and PCG Regulators . could be left on 
line without the battery connected and would deliver power jwhen 
the SAG'S were illuminated. The major constraint was that . the 
PCG's were, designed to operate with a coolant- loop for heat- 
rejection. The chargers and regulators functioned- fairly well 
on passive cooling because they would, operate properly even 
though, they were well above 100 •»?. The batteries, however , 
could not take these temperatures very long without significant 
capacity degradation. Therefore, utilizing more of , the energy 
available from the._ PCG's required activating the coolant loop 
more frequently.. As. there was concern for _the lifetime of the 
coolant loops it was. desirable to. minimize their usage. . 

The CBRM's. were passively cooled and more of the maximum energy 
available could be used with minimal temperature concerns. The. 
capability to tailor— a particular CBRM to any situation was 
limited to turning its regulator on or off. 

The -CBRM contained several automatic cutoff functions designed 
to. protect the electronics and battery which .could turn off . 
parts or all of the CBRM under certain conditions. It. was one 
of these cutoff functions that hampered utilization of the. 
regulator -unless the battery was. on. The regulator could be 
turned on and operated whenever its Solar Array was illuminated, 
but when the Solar intensity on the. arrays went to. zero, because 
of vehicle attitude or earth shadowing, the regulator would trip 
off unless the battery was on also. This meant that a CBRM 
regulator, without its battery, would supply .power only during 
the sunlight period when it was turned on. Then it'would have 
to be. turned on again during the next sunlight if it- was needed 
again. Another automatic function that effected power 
management criteria, was the_battery voltage low cutoff. As was 
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were required^^to ^activate^^the”^LttLi^°'^®*^^ commands 

operationally, was that if a problem,, 

come back on automat i?ally SheneJ«-tLr.^!^^ 
b»ck up. This, combined with to charge it 

the effect that whenever automatic functions, had 
CBRM would be diMbled Sntil the entire 

behavior made. the. CBRM ^system lllf ^tole?an? This 

estimates of. its caoabiiTfv ™ rf®® tolerant to errors in 

significantly increased the ^load ^tn trippd. off. this 

system -had now. lost the entire «n4.« 2 those^ remaining as the 
Array. The iri??easel ?oad tJfJ that particular Solar 

cutoff and so on until all cbrm° 2 ifre^^ ” Push another-CBRM to 
to detect and interriot off. The ability 

the ground station coverage ^ In dependent on 

beyond its capabilitv the if a PCG were loaded 

about 30 volts but below that^the 5® ^^®°barged down to. 

from the - battery ArnotMn^ ^^<3ulator could not draw power 

PCG would again supply poSe? and chf^ae^ "cutoff" the 

solar power returned Althouah , its battery whenever 

not provide a continuous source of situation could 

its Solar Array was still utilized ^ Thi^ r^^ entire output from . 

allow more battery stress as the low •/oinar^S?.,"'^^®''^®"' 
cause cell voltage reversal Km^ discharge could 

propagation of an overload on one PcS to 

fSniLeitfr®pr‘eS?sr°of 

CBRM's should supply O^ly slightly "lesr”'thJn®“th®“"®®' ^ 

capability to minimize tha less than their maximum 

still allow fo? cOTUngeSlief in t^r'^onSM - 

allowance for contingencies warori2ar?Il system. This, 

ground station coverage ® available- 

possible at least once In orbif the 7®^^®!® was. 

close to their maximum capabilUy whe^tL 

3 hours or more the CBRM inari ».=,« wnen the gap in coverage was. 
one_or sometiL^^Sorf Tco Ll!SrL!° 


5 . 4.2 


System Management Optiong 


d?ltriSuUon'invoIved'oian,inr \he”'’o^^^ “■ 

?h“mannld “tssTInf °"?he‘''jSld“Sisr ' IJJing 

changing thrluJpS? vojLge of th^ adjusted b? 

manual potentiometers (Figure 5-1) . There^was one ”■**’ °'’“*’°ard 

output°voltage"ot any^PCG^regulafir that' aetermined th^ 

bus. Adjustment of the po?entioLt'er.s nor^Sslfble^dur'Jng 


this mission. However, the difference in the. settings, they were 
left at made it possible to change the output voltage of the PCG 
regulators by switching them from one bus to. the. other*. 

The output characteristics, of the CBRM's could.be changed only 
with the "POWER SHARING" circuit. This was a circuit that was 
designed to affect power sharing between the CBRM's by. having 
them match their output currents.. Another effect , of this 
circuit was to reduce the .impedance of the CBRM outputs to about 
40% of its value when the circuit was turned off. As the CBRM's 
would, share power reasonably well, even with the circuit turned 
off, it was used as a power management tool*. 

The CBRM's and PCG's could be tied, together through two power 
transfer busses. The impedance of this tie depended on whether 
one or both transfer "busses were used. The impact .of opening 
one of the transfer busses depejided on how much power.was being 
t»"ansf erred at that time. 

Another tool used for system management involved a reduction in, 
rather than a redistribution,, of the . total system load. In most 
areas of. the system only those loads that were required or could 
not be removed were on. Howe.ver, the. ATM. TM subsystem was 
normally left on continuously even though it was only required 
while the vehicle was over. a ground station, typically 5 to 15 
minutes.per 90_minutes orbit. There were two reasons it was 
usually lef-t on; a concern for the. lifetime of critical TM 
subsystems if they were frequently cycled on and off; also, 
there was sometimes an ad.verse effect on the ATM digital 
computer when a backup reference signal, provided by the TM 
system,, was cycled. on and off. Thus, the ATM TM system was not 
cycled on and off over ground stations unless other, power 
management techniques could, not maintain the system bcilance.. 
The AM TM subsys±em was. normally cycled because it could not be. 
left on unless a coolant loop was left on also. 


5.^4. 3 . System Modes of Operation 


The primary factor affecting the maximum available power.was the 
vehicle attitude. Prom the power system, viewpoint, the vehicle, 
attitude presented four different profiles; tumbling. Solar. 
Inertial (S.I), End on Velocity Vector (EOW) and. Torque. 
Equilibrium Attitude (TEA). Figure 5-2, depicts the. Solar Array 
power profiles that were typical for. each attitude. 


The solar power -was minimal whenever the vehicle was tumbling 
but this was. balanced by the fact that the. vehicle guidance 
system did not have to be powered up which reduced the vehicle 
loads substantially. The typical power system configuration in 
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this, mode was the "CBRM POWER SHARE" circuit on, both transfer 
ties closed and several of the PCG batteries on ^ine with their 
regulators tied to the higher voltage bus. SAGs normally 
associated with a. battery -that was not. currently in use were 
either connected to another PCG to help recharge its battery or 
were c nnected to the bus through their regulator so they would 
deliver power whenever illuminated. This latter* SAG 
configuration, by itself, did not require coolant loop usage but 
it did not make the most. effective use of the SAG power. The 
regulator would use only- 15 to 20% of the peak SAG, power and the 
rest went unused because there was not a battery configured to 
store the available excess, power... Although several PCG 
batteries were usually in use, the load on each was low enough 
that activation of the coolant loop was required for about only 
one orbit per day. Tumbling was encountered during the early 
reactivation period before the first stabilization of the 
vehicle. Later ,. because of a power drop out. resulting from some 
errors in power syatem management concurrent, with sparse ground 
station coverage, .a similar tumbling occurred for about 10 days 
before the vehicle was stabilized again. 

Solar inertial was the. nominal attitude during the manned 
mission and was us.ed during, this later activity as a backup 
attitude whenever there were problems with the EOW 
configuration. Because, of the abundant Solar Array power in 
this attitude none of th PjCG batteries were usually needed. The 
PCG regulators were all connected to the higher voltage -bus, 
both bus ties were closed and the CBRM power share circuit was. 
off. This maximized the power supplied by the PCG's during 
solar array illumination which meant that most of the ATM solar 
array power* could be used to recharge the ATM batteries. During 
the dark portion of the. orbit the ATM batteries carried. the 
entire load. The only time that PCG batteries were used in SI 
was later on in the mission when the reduced .number, of CBRM's 
left operating caused concern as to. whether the lower capacity 
batteries, could carry their share of the load for even one 
discharge cycle.. Only one. or two PCG batteries were usually 
used in these circumstances and this allowed the other batteries, 
to cool, down passively before they were needed again. When a. 
PCG had its battery turned on, its regulator, would be switched 
to the bus with the lower voltage setting. The difference in 
the voltagie settings between the busses was enough that, when in 
sunlight, the regulators on the high bus would pick up almost 
all the load. In the dark the. regulators .on the low bus would 
relieve, the CBRM's of. some of the load. 


The power syetem configuration used for EOW went through 
several iterations-when that attitude was initially encountered . 
but then settled into a well defined pattern with the basic, 
arrangement similar- to that used in SI,. The CBRM power share 
circuit was off, both transfer, ties closed and all PCG . 
regulators were on the high voltage -bua unless their battery was 
on. The number of batteries that were on the low voltage bus 
depended on the beta angle:, between ± 20 * beta there were two AM 
batteries on, if the magnitude of beta was between 20 * and. 40*' 
only one was needed, and for a beta outside ± 40 - no -AM batteries- 
were on. This system was. very effective and~it was found that 
usage of the AM batteries could be scheduled such that use of . 

the coolant loop was very infrequent. The only; additional 

management v;as when the beta angle was. near zero: then it was 

decided to cycle the ATM TM off during long gaps, in the ground 
station coverage to provide more safety margin. 

The most intensive. power management was. required in the latter _ 
part of the mission when it became necessary for the vehicle to. 
be placed in the TEA attitude. The character of the solar power, 
profile changed as different phases of. this attitude control . 
were implemented but..JLt was always somewhat below that of an. 
EOW profile at beta zero. Use. of a key management tool, ATM.TM 
cycling, was hampered by the requirement for certain amounts of 
recorded data to evaluate the attitude- control sys.tem. This 
meant that although the_TM transmitters could be cycled the rest 
of the TM -subsystem had. to frequently be. left on for several. _ 
consecutive, orbits. The power configuration used for TEA 
involved sustained usage of all available AM batteries. This 
me^t frequent use of the coolant loops. However, the duration . 
of this, mode was only a matter- of weeks and as both coolant . . 
loops were still providing ade.quate. performance at the -beginning 
of TEA this was not considered a serious problem. It was 

decided to configure such that the PCG.'s would carry close to 
their maximum capability. This was desirable because with usage 
of' the coolant loeps the PCG system was more tolerant to an 

overload condition: weakness in a particular PCG did not . 

readily propagate to. ather PCG’s.- The. appropriate system 
balance was found_with the CBRM power- share circuit on, both bua 
ties closed and all PCG's.on the. high voltage bus. Extracting 
the maximum available power from the PCG's involved continuous., 
manipulation of - their individual configurations. This was 

required because although all were, connected to the same bus 
-"-potentiometer setting the power, sharing between the . individual ... 
regulators was not very precise. Thus, when one of. the PCG's 
that was carrying more than its share lost too much on the 
battery SOC.,.JLt was necessary to either — give it another. SAG 
temporarily, by taking one- away fom another PCG that could, 
afford, to lose it for a. while, or to turn off its regulator to... 
allow the battery to recharge. When this type of manipulation 
could not keep th PCG batte.ties_charged the total load on the 
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f^CCa'a would be 
transfer, ties 
possible. 
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reduced by temporarily opening one of the 
and/or reducing ATM TM recorder usage as much as 




5.5 EQUIPMENT FAILURES 


5.5.1 PCG's 


The battery chargers were the only problem, area for the PCG's. 
The difficulties with chargers 2 and 3 were apparently from 
extraneous commands and when normal charger operation was. 
restored they did not show any other anomalies. PCG I's charger . 
failed in . June of 197S., The failure mechanism was never 
identified .nor did it ever clear itself. Shortly thereafter., in . 
early July 19.78, PCG 5'-s charger exhibited .the same symptoms as. 
PCG 1. With the. occurrence of this second charger failure there 
was considerable concern that something inherent in our method 
of using the.chargers was causing the failures. As a result the 
power system was reconfigured so as not to use any of te PCG_ 
chargers or batteries until their use could be evaluated 
further. The new conf-iguration placed a little too much load on . 
the CBRM's and before it was corrected the. vehicle experienced a . 
power drop-out and a resultant loss of attitude control. During 
the .following .activity to reestablish attitude control, when PCG 
5's charger was exercised it. functioned normally. For the. 
remainder of. the mission all the PCG electronics, except charger 
1, functioned normally. Further analysis of the chargers did 
not indicate any specific failure mechanisms nor any way to 
reduce the high temperature, stresses on the chargers when their 
use was required. 


5.5.2 CBRM * s 


The ATM power system experienced failures in the electronics and 
th.e solar arrays. Problems, in the Solar. Array area were evident 
when the vehicle was first reactivated from Bermuda. The 
configuration of the CBRM -electronics, is such that with, any 
insulation breakdown to structure in the CBRM or upstream from 
it, the resultant current flow passes through the shunt that was. 
used for measuring the CBRM output current. Examination of the _ 
initial data from Bermuda showed output current from three 
CBRMs- 2, 9 and 10 that were turned off.. The profile of. this - - 
current. was in exact proportion to the illumination on the solar 
arrays which indicated that the faults were probably out on the 
arrays. The currents on 2 and 9. were small in magnitude and 
never . prevented normal utilization of those -CBRMs. The problem 


246 . 


ORIGINAL 


was more pronoufiCed .n cbrm 10 but 1 niti -n u,- 4 -vsa k 

Later the fault pc.Ovix6si:5od lo where thftt CBrm usable,, 

any. output, tnat ubrm could not provide 

Small- currents were measured in prrm 1 1 1,5 ai>,. 1. • 

reactivation was picked ua_ 

Juno 1978, the fault eurtent'^in^a^.^5®^.'^®^ 1878. In 

array, output and CBRM H was. no longS unable 
experience solar array Droblema •in in?5^ began to 

also was Showing faull L?rentre%ual to 

CHpsbility. HowG.ver # in Auaii<*’f solar array 

and . although smal.l fault cu?r6nts^Literj,.?iS^^®'”,. itself 

prevent utilization of the CBRM Tn 'i they did not 

began to show. high fault cu'rren^ also^ 

p-ststoa ana CBRM 11 woo not uoabi; fo?.\he‘’^La[SI«"SI th 1 

CBM's*'wh'oso batJ^LI^wornorroLtlvitef ‘he 4 

1978 when it appeared to suffer, a™hort on"lt^ ^®P‘®'"her 

Its problem could not be identi f i ^ >^egulator.- output, 

5 still, had the.sho??ed char^ or corrected. CBRM 

manned missions and was bainq^,'Mi during the 
Its battery could still L ^ and 16. 

charger., , a.nd used in certain^ ®^°nted 

However, in early December situations, 

erratic operation and could '‘not^be-''utill 2 ^rt“^^f?^' ®how 

ape^fie proble™ with the. reguLtor «s'nlvfr. ia^Uf^^^‘- 

stLcture''au?inq th”mInned’mi-S^'’ l"‘5'^™i‘.‘ent faults to 

17. However^ t“ougCfthf?e?Stiv;^o^^"°=?"i^^ «RM 

any indications of recurrence The fiJa? gave.. 

CBRM was. in March L979 whcNn*i+. fitst problem with this 

diode had opaned:°^h1s'di: r., o"??o“=?erthe^^^r^ 

electronics from reverse hi->»< 5 ino° ®berger. power 

if the -problem was still there th(a repeated checks to see 

finally*^ shorted. This prlJided t electronics 

regulator- input, so the battery could \upplv ^load^^o®*^'^ 
night port.i.on ofthe orbi t Th<^ rnnMic during the 

identical to- thosJ of cbrm S L?o?f now 

battery could br chnreoa its regulator . failed: the 

charging teruninatcd ‘by ^the^brtterv^‘voltao^''h®\ ''ith . 

tha. Charging was normally S?miLtod bv this ""I" 

full usG of th<=^ PHRM \resv*xt ^ I ■ nis cu-totr^ It mad© 


247 


temperature, indicating that the battery was usually being 
overcharged. 


5.6 LESSONS LEARNED 


5.6.1 Automatic Cut-Offs in CBRMs 


The experience gained in the manned portion, of the mission had 
already shown that management of the CBRMs with their many 
automatic cutoff functions, wais more cumbersome— than 
anticipated. The usual response to this problem is . to regret 
not having put overrides in the system. However, this would 
have presented another design options does one override disable 
all automatic functions in a box or is it necessary to provide 
individual overrides fox each function. The latter solution can 
easily involve a large demand on a vehicle command system while 
it is not .always useful to have to inhibit many protective 
functions when, only one is .the prpblem. 

The problem can be better evaluated by,_categorizing the possible 
automatic functions by the nature of the stress they are 
designed to alleviate. Table 5-2 lists the anomaly categories 
applicable to .the CBRM circumstances and ;he specific, responses. 

In the first category, stresses from internal failures, the high 
battery voltage circuit wss a factor in problems_with CBRMs 5, 
16 and 17. .In. two of these cases,, 5 and 17,. an override 
capability would not. have been used..as severe, battery damage 
would have _ resulted if the shorted charger were left to 
overcharge the battery.. If the power balance allowed enough 
overcharge to trip off the battery, then the contribution of 
that CBRM was not essential and it could be left off,. The 
cut-off protected the battery for later use when a critical 
power balance allowed that CBRM to. stay on line without any 
override capability. CBRM 16.' s battery appeared to have been 
disabled by a failure in_the cutoff circuit itself and in this 
instance an override.would have been, the only way to overcome 
the problem. 
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TABLE 5-2 


CBRM Anomaly Categories 


Malfunction Type 

1) Stress on CBRM from 
i n t ernal-.- source 


2) Stress on system from 
CBRM 


3) Stress-.on CBRM from 
System 


CBRM Responses 

High Battery Voltage 
,.or Discharge Current 
shuts off Battery 


Internal Bias Supply 
out o.f tolerance, 
shuts off Regulator 


High Regulator- Output 
Voltage, shuts off 
Regulator 


Low Battery Voltag[e 
or High Battery 
Temperature shuts. off 
- Batter.y 
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The culprit in the second category was a transient 
out~of-tolerance condition in the CBRM Bias Supplies* This 
would occur whenever the CBRM experienced a sunrise, or. sunset on 
its solar array and the. battery was not on. Thus, to use any of 
the CBRM regulators, without their batteries, they had to be 
turned back on during each sunlight portion of the orbit. An 
inhibit for this cutoff would have solved the problem. A better 
solution would have been for the detection circuit to have. had 
sufficient delays built in to prevent it from reacting to 
transient startup conditions. _ 


The . most troublesome cutoJf affecting system management was the 
low battery voltage detection circuit. Whenever this response 
was implemented it was because the system configuration had 
placed too much load on the CBRMs. Because of mismatch in 
regulator output or solar array input capability, a few CBRMs 
would reach this cutoff well before the others. When. the first 
ones disconnected themselves this accelerated the decline of 
those still on line.. An override capability could, have 
prevented this domino effect but it would have allowed stress 
conditions on those batteries that had low voltage but were 
still supplying rated load. A better solution would have been a 
proportional response. When the battery voltage approached a 
critical level it would cause the- regulator to reduce its 
output, thereby reducing the load on_the battery and. slowing or 
stopping the drop in battery voltage. In an overload situation, 
all the batteries would still eventually reach cutoff levels but 
the system could endure that condition much longer before a 
complete power drop out occurred. 

High battery temperature cutoffs were never a factor in system 
management, but a similar proportional response feaw’Jre would 
have been desirable here a3.so. Comparison of .the circuitry used 
to implement the cutoffs with what would have been required for 
typical, proportional response applications indicates a very 
small- increase, in complexity compared to the. benefits realized.. 

Experience with the CBRMs showed only one instance, where an 
override capability would have been the best method for handling 
automatic response problems; the high battery voltage cutoff in 
CBRM 16. In the. numerous other problem situations the best 
answer was either a better design to tolerate normal transients- 
or a proportional response to preceed or replace the discrete, 
cutoff. Although these conclusions come from experience . with 
one system they are applicable in any circumstance where power 
is derived from. multiple par.allel sources*. For. example, the 
PCG's had, in. effect, a proportional response to low battery 
voltage in that the regulators could not deliver power to the 
bus unless their source voltage was slightly higher than the bus 
voltage. Thus, a. PCG regulator could not discharge its battery 
below about 30 VDC even though the battery was still connected 
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in the circuit. Although ideally the battery voltage should- 
have been held at a slightly higher, level this . still provided 
some battery protection while the PCG was kept on line to store 
and deliver power whenever solar .array power became available- 
again. This feature of staying on line and. delivering whatever 
was available minimized the domino effect inherent , in using 
cutoffs to respond to system. overloads. 

5.6.2 NiCad Battery Stress Tolerance 


Batteries in both systems were. exposed to normal discharge rates., 
while at a low SOC, The specific consequence that causes - 
concern in this situation is voltage reversal of the weaker 
cells. Because there was no instrumentation on the individual 
pells in flight this reversal can only be assumed based on 
ground test results. What was revealing was the battery's 
tolerance of this as long as it was not a sustained or- frequent- 
occurrence. In theXBRM's the low voltage cutoff prevented this 
from happening to any except CBRM #6 which had a. failed ON. 
command circuit. As a result this, battery experienced repeated 
low -voltage, high rate discharges with the. result being at least 
two cells failed short.- Each of the . PCG batteries were 
discharged at normal rates down to 30 VDC, about 1 VDCper cell, 
at least once. Only. PCG 5 experienced this more frequently, 
apparently due to problems in its Amp Hour Integrators which. 
sometimes prevented full recharge of the battery.. This battery 
showed no detrimental effects until the latter part, of the 
mission when it appeared that it too had at least one shorted 
cell. This experience should not be. overlooked when evaluating 
battery__pr.otection .schemes in future systems. 


5.6.3 Solar Array Degradation 


Considerable analysis and testing has been devoted to Solar 
Array degradation phenomena. The greatest concern in Solar 
Arrays, is generally in the area of cell- to cell interconnects 
and solder integrity, both of which suffer when subjected to 
long-term thermal cycling. The ATM Solar -Array had test modules 
which had. been subjected to approximately one year of ground 
thermal cycling (nonvacuum) . When this experience was 
extrapolated to predict the solar array capability that, would be 
available for the reactivation of Skylab, approximately 4 years 
after completion of the mission for_.which it was designed, even 
the most optimistic predictions were not encouraging. Effects 
on solar array materials under the unknown environment 
(particularly thermal) to which they had been sub.jected was., at 
best a guess. When the vehicle was finally reactivated, it was 
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surprise to learn that approximately 90 % of the 
original array capability was still there. The lesson to be 

substrater‘^is^^or'Lh?«®^''‘^^^^ °f insulation 

dealan^iifp it ^ value since the substrate materials 

S! well as. their design thermal limits were greatly 
The value is. lessened further by the fact that a 

spent" iS^lruSSowS 

the^ interconnect system does invite speculation 
as there is considerable ground test data verifying the 
etrimental effects of temperature cycling on soldered 

P^^^sible explanation seems to be that 
aravitS” interconnects became very fragile the absence of 

matniaL 1 ®®“®s^ve environment allowed them to still, 

maintain electrical continuity. While it is difficult to 

fnQfanoa ® zero“G vacuum environment in this 

Solar Array performance greatly 
exceeded expectations should not. be forgotten in futare 
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6.0 


INSTRUMENTATION AND COMMUNICATION 


6.1 


INTRODUCTION 


The Skylab Instrumentation and Communication (I.&C) Systems 
provided for the transfer of information between the SWS and. the 

react ivatlon^mlssions^'^°*^^^^ (MSPN). during the Skylab 's manned and 

. transferred during the manned mission phases 
included instrumentation aystem data/ message.s. for the Diaital 
Command .System (DCS), voice communications/ caution and warnincr 
alerts / range information between the. CSM .and. SWS, and 
transmission of television data._to the MSPN.. 

Reactivation operations utilized the_instrumentati.on system for 
both real time and recorded data/ and the DCS for SWS control. 
These systems operated with the same high level of effectiveness 
upon reactivation .as at the cloee. of__the manned mission. 


6.2 


SYSTEM DEPINITION 


S? Skylab I&C systems is shown in Pigure 6-1. 

Saturn Instrument 

Unit/ Skylab Experiments/ the. Spaceflight jCracking and Data 
Network (STDN) / and other Skylab systems. 7 

Two independent data acquisition and transmitting systems 
the engineering and experiment data for the. AM/MDA/OWS 
data from 2060 separate measurements was 
transmitted in real time when . over a . STDN. ground site 
Equipment was provided to record data for playback when contact 
wi-th a selected STDN station was reestablished. . The RP systems 
incorpor.tated redundant 10 watt transmitters on both the ATM and 
AM to assure availability of 'transmitters during the life of the 
propam. A 2 watt transmitter, incorporated . in the AM data, 
system/ and redundant in frequency ta one .of ' the 10 watt units, 
was us-ed during boost and selected flight periods. 

Two separate Digital Command Systems provided- contnol of 
AM/MDA/OWS and ATJ1. module functions from the ground. The cround 
Commands controlled .many functions, including updates to the ATM 
digital computer. See. reference 12 for detailed systems 
description. 
















6.3 MANNED MISSION PERFORMANCE 

I 

During the initial phase- of the- Skylab program,, due to various, 
attitude maneuvers required ..when the OWS meteoroid, shield-was 
lost during boost to orbit, I&C equipment was exposed to 
off-nominal . temperatures,, both excessive heat and cold, which 
caused many temperature sensors to. read off-scale and sy:Stems to 
approach the upper operating limit temperatures. When thermal 
stability was reestablished, the. I&C. system operated for the 
duration of the 272 day program without evidence of 
deterioration due to temperature extremes exposure. The 
majority of the I&C systems operated continuously for 6S06 
hours.. The anomalies that did occur did not really affect-the 
return of .data. For de.tails on I&.C system performance and 
anomalies,„see reference 12. 

ATM Data Acquisition - The ATM data acquisition system performed 
its functions as required. Although system redundancy was 
available, it was not needed due. to the efficient operation of - 
the. primary ATM data acquis.ition system. The secondary s.ystem 
was not turned on except for end-of-mission testing. The 
original procedure to use a single ATM magnetic tape recorder as. 
a primary unit, and a second identical unit as a backup was 
changed when the thermal problems at time of launch necessitated . 
establishing a use schedule to prevent the -tape recorders from 
exceeding their thermal operating limits.. With the exception 
of these recorders, the. redundant ATM data acquisition system 
was not activated during the Skylab mission. A 40 hour. post- 
Skylab test that energized the redundant system waa initiated, 
and satisfactorily completed. This post flight test. j/erif ied 
proper operation of both ATM acquisition systems. - 

ATM Command System The ATM Command System performed its 

functions as.required, throughout the entire 5kylab mission even 
though the system was uaed much more than intended during the 
first portion of the. Skylab mission. - No anomalies or 
discrepancies were attributed to the ATM command System. 

Approucimately 59,650. commands were executed, during the - mission. . 

AM Data Acquisition - The AM Da.ta Acquisition System performed 
it!s functions as required during the. Skylab manned mission with 
some of the hardware units operating continuously for the entire 
mission.. During the first manned period an AM transmitter 
developed a low signal output and a work around was. initiated 
that required real time data transmission normally handled by 
this unit. to be switched to the 2 watt transmitter.. 

During the second manned mission, period the low-level 
multiplexer B output became intermittent. However, alternate- 
backup data provided adequate system performance information for 
the duration of the Skylab mission. „ 
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During the. third manndd mission, a noisy sOcond-tier switch in 
low-level multiplexer P caused eight mensui'oments ,, common to the 
switch, to be excessively, noisy. Mission objectives were not 
jeopardized,, however,, since alternate measurements provided, 
these data. A signal line short is thought ta have caused AM. 
low- level multiplexers to experience erratic data approximately 
midway through the mission (d6y 357) , The loss of data from 
these units was a compromise tO- the AM Data System but did not 
impose any. restriction on the mission. 

AM Comma nd System - The AM. command, system functioned efficiently 
through the whole Skylab mission.— 

End o f M ission Status - After the- 272,, days (6506) hours, of 
operating time for the Skylab I&C systems, a third . crew 
deactivated and secured, the vehicle, for indefinite storage. 
After undocking, certain test were per formed_.to ascertain the- 
operational- status of equipment that either had. not -been .used, 
during .the mission or~h^ failed during the .mission. 

The ATM Data Acquisition and Command Systems remained configured 
essentially as launched until the. post mission test. The backup 
equipment was energized and operated properly during these. 
checks. The_.conf iguration of the -AM data System at the end Of 
mission was altered by the change-out of tape recorders, • the 
failure of OWS. low level multiplexer B, the failure of the first 
8 channels on all AM low level multiplexers, the failure of an 
AM 10 watt, transmitter and the loss Of 134. measurements.. A 
majority of.' the measurement losses were due . to low. Level 
multiplexer problems.- (78 measurements lOet) , loss of the OWS 
Solar Array Wing 2 (15 measurements loet.) . The pla.nned 
consumable replacement items weto. used. as. scheduled. The 
configuration of. the Data-System at the end ot the mission would 
have adequately . supported continued activity. , 

The AM command System at. the. end of the- mission .jwas. altered only 
by the replacement of the teleprinter with the onboard spare. 
The planned consumable replacement items were used as scheduled. 
The VHP ranging system functioned properly during the rendezvous 
of the three CSM's, and was pOwered down, for storage. 


6.4 


REACTIVATION PERFORMANCE SUMMARY 


The Skylab Instrumentation — and Communication (I&C) System 
satisfactorily supported all Skylab reactivation activities. 
Initial support was. provided, during an eight day period of 
limited systems reactivation and Status determination during 
early March 1978. More than fourteen months of. support waa 
provided from 24 April 1978 through 11 July 1979 for Skylab 
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systems reactivation and attitude, management. A summary of the 
significant I&C Systems- events during.._the.ae,...periods is presented 
in.....tabl.e o-l, 


- 25 .. 7 „_ 



Hable 6-1 


I&C SYSTEM 


REACTIVATION MISSION 


I 


Date 


JEvent 


6 March 1978 


f 

^ la March 1978 


11 March 1978 

13 March 1978.- 

24 April 1978 

25 April _1978 
27 April 197.8 

1 May 1978 

2 May 1978 


E - 



Initial AM commands and - 
receipt of AM telemetry data. 
Loss of. AM telemetry 
modulation due to DC-DC .. 
coaverter -failure. 

Activated AM backup telemetry. 
Played back AM Tape Recordex 
1(10 minutes from End of 
Mission data received and 
processed; could not decom 2 
minutes, of reactivation 
recorded data). 

Initial Activation of ATM 
command and telemetry systems. 

All systems commanded off. 

Reactivated AM .telemetry 

Reactivated ATM_telemetry 

Long periods of continuous 
commanding to charge ATM 
batteries (e.q. 7762 commands 

sent at 64. ms, intervals, to 
charg.e ATM battery no,. 7) . 

AM-B and ATM-2 Transmitteixs 
inadvertantly left on for one 
orbit with transmitter temps 
increasing from approximately 
60 degrees F. to. iS0 F. . 

Operated on AM 2 watt~ 
transmi.tter with reduced data 
quality.. Dumped AM tape 
recorder. 2 with one. revolution 
of recorded data. 



I 
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i)ate 


Event 



11 May 1979 

19 Nay 1978 
22 May 1978 
2 June 1978 


6 June. 1978 
9 June 1978 

22 June 1978 
21 July 1978 


31 July 1978 


18-24 August 1978 


17 November 1978 


5 January 1978 and 
21 April 1979 




Conducted the first of a 
series of tests on switch 
selectors 1 and 3. .. 

Unable to lock on. to AM 
sub-frame #2 data. . 

AM sub-frame. J2 data 
reacquired 

Spurious Switch selector #1 
command caused added 
electrical loads and lose of 
ATM electrical power... 

Lost plus 24..VDC on AM DC-DC 
converter #2. _ 

Spurious Switch selector #1 
command turned off CMG.amp #3 
causing excessive TAGS usage.. 

CMC #2 wheel speed transducer 
failed. 

DC-DC converter #2 recovered. 
Connecting P.CG 8 Battery to 
its charger caused shorting of 
the AM DC-DC converter #1. 

Unable to turn off the ATM 
experiment bus with the. true, 
command, however, the 
compliment command worked... 

ATM tape recorder dumps 
successfully played in from 
all remote sites. 

ATM 2 transmitter power output . 
dropped from 14 watts to 5 
watts . 

Spurious command by Switch 
selector #1 caused a secondary, 
power share on command. 


■( 
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Date 


Event 


Peb- 9 . ■ The atm reeorderB were run 

frequently to gather data £ar 
guidance and navigation - 
updates and to evaluate the~._ 
electrical poi/er system, 

11 July 1979 , 

' AM and ATM . transmitters, and 

instrumentation systems -were 

operating and producing valid 
data during the final ground 
station pass. over. Ascension 
approximatly 45 minutes prior 
to Reentry at an altitude of 
apRJLaximately 59 n.m. 

rlaJtivation^of ' Skylab ’ throuah"^®^®" attempt a 

ground stat;ion of the Space Trackino°flHrf Bermuda 

chosen as the gound command Network . (STDN) was 

existance -.of Skylab comoat ibi chosen due to the 
hardware. The necesLrv sof^rr. 2 telemetry receiving 

limited on-site real ^tim« for command., and. 

engineers were len^Jo B^muda fn® processing. a team of NASA. 

a power loss cause by^the^loss reception was due to 

arrays to experience cvolio aeoond causing the solar 

cS^erler!' ™PdulatioS was f E?f§c 

Ssin”g“1 
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was recieved and. processed but the two- minutes- of data just 
recorded .could aot be decommutated by . the Bermuda ground 
station. . 

Electrical power was successfully transferred from the AM to the 
ATM on March Ilf 1978 and the ATM telemetry system . was 
successfully activated. During tha initial contact period from 
March 6 through March 13, 1978 the airlock module. telemetry data 
was acquired during seven passes over Bermuda and ATM data was 
acquired during two passes. A limited amouat o-f this data was 
processed in real time at Bermuda to verify system operation. 
All of the data was recoaSed on magnetic data —tapes and 
processed at a later date for. engineering evaluation. i.t_ was 
verified that all AM and ATM telemetr.y measurements were 
operative and downlinking valid data... All telemetry 
multiplexers were operating including the AM low level B. 
multiplexer which was intermittent durin g t he manned mission and 
nonoperative at the end .of that mission. 

With the exception of the three AM -batteries which were left to 
trickle charge, Skylab systems, were deactivated on March 13, 
1978 and the NASA operations team returned home to prepare for 
the nex.t phase., of Skylab reactivations. During late March and 
early April 1978., a Skylab control room at JSC was configured 
with the necessary hardware and software to allow for reel time 
monitoring of Skylab. data, to s.upport the flight control team. 
Ground commands would continue to be .uplinked directly from the 
STDN ground station following verbal direction from the JSC 
flight control team. During April and May 1978, an operations 
support .center was established at MSEC with capability to 
monitor ■ in real time the same data processed at JSC for the 
flight control team. 

The STDN ground station at Madrid, Spain was configured to 
support Skylab operations and joined the Bermuda ground station 
beginning on April. 24, 1978. The Goldstone tracking station was 
actij;ated on June 2, 1978, Ascension on August 10, 1978 and 
Santiago on October. 15,. 19.78 to complete- the STDN gound station 
compliment .on 5 sites.. The five site configuration allowed for 
telemetry co.verage-of Skylab on each orbital pass in__supporJ: of 
ground operations. 

AM telemetry was successfully reactivated on April 24, 1978 and 
ATM telemetry on April 25, 1978. Following this the I&C systems 
successfully supported all S.kylab reactivation activities, for 
more, that fourteen and One-half months until Skylab reentry 
occurred on July II,. 1979. . 

Char.ging of the AM and ATM batteries was one of the -initial 
tasks to be conducted. Due ta the. design char ac ter iatic of the 
ATM batteries, which would automatically disconnect the changing 
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Again, there was no degradation of data transmission quality^ *’ 


react i vs number of command problems during the 

reactivation mission period, a series of tests nn Iw< 4 -r,K 
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c2?tnh \ ? ! significant p''obl.ems- associated with 

1 & 2 on ^and^°den? failures included the commanding of APCS Bus 
and depleting electrical pawer on June 2 1 Q 7 A 
commanding the CMC servo amp 13...,o.f.f .cau^ng attitude 'control 
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ocoblems on June 9^ 1.978, and causing a power share on command 
to be executed on January 5 and April 21, 1979. 

On May 19, 1978, it became impossible to lock on the AM 
sub-frame 2 data. This problem caused the loss of 116 
measurements which were used for.Jkylab experiment data and did 
not effect the. operational. data. The problem cleared itself 
three days later on May .22, . 1978. 

The DC-DC -converter #2 24 VDC syatem was lost on. June 6, 1978 
but recovered on July 21, 1978. . The reason for this- 
intermittent failure was unknown. It. was learned that the AM 
DCt*DC converter 41. would power to a short circuit wherever the.. 
AM battery #8 was connected. to its charger. This problem was, 
circumvented by. commanding .one of the two systems off.* whenever 
the other was being used. 

On June 22, 1978, the CMC #2 wheel speed measurement was lost. 
After this date every time the wheel bearing temperatures on CMC 
#2 exceeded approximately 123 ....degrees F. the wheel, speed 
measurement indicator read zero.. When the. bearing temperatures 
decreased below approximately 123. degrees F the measurement , 
indicator would read the proper wheel speed. The wheel speed 
measurement was backed up by a Phase A, B, and C wheel currents 
measurements thus minimizing any mission impact when. the bearing 
temperatures- exceeded 123- degrees. F. The ATMr-2..transmitter , 
power dropped from 14 to 5 watts on N-ovember 17, 1978.. The 

transmitter appeared, to operate normally, except that the output- 
power was only 5 watts. The #2 transmitter was used. for the 
remainder- of the mission with no further problems. 

The ATM tape recorders were both used extensively during the 
last six months of. the reactivation mission fox the purpose of 
gathering electrical power and control system data. During the 
last few days prior to reeutxy, the recorders were run almost 
'continuously to . gather data for. guidance, navigation, and 
control system updates. Early in. the reactivation mission a 
problem occurred in decommutating the. AM-1 tape recorder, when 
first attempjted on March 10, 1978.. 

The AM tape, recorder.' #2 was .used periodically to collect battery 
discharge test data and . other system data with. no apparent 
problems. Both ATM and AM tape recorder performance proved to 
be very satisfactory duriiig_the reactivation mission.. 

Overall telemetry system performance was good throughout. the 
reac-tivation mis-ion. Acceptable data was .recieved through the. 
final ground s.tation pass over. Ascension on July 11, 1979, just 
45 minutes prior to Skylab reentry. At this time the space 
vehicle had descended to an altitude of approximately 59 
nautical miles and had been commanded into a tumble mode. 
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Instrumentation and . Communications System 

pr«ented J 6.r"°J' a","*?? f Reactivation Mission t" 

Fieaencea in taoie 6~2, Ji detailed analysis of both the atm 

AM raeasursmeht systems performance during the react 
?iir1SdlJldSsf in the'fonowinr section? 

beexceui;i?“elth%"\'?^;L1^l?Srrirr^S3SrJme^^^^ 

pl^forS^of 99?4%!*'^ overall measurement system 


MEASUREMENT SYSTEM PERFORMANCE ANALYSIS 


pe“^fS?maSoa®^"mea^uremi;iL"“:^^ °l 

CO support real time operations.. All down linked Skvlab nata 
was recorded at the STDN ground stations on magnetic taSe for 
teSers processing when required..'- A selected number of these 

tapes were shipped to the, MDAC-HB data r.duction f^ilitv fit 

to ^be^^used'^for^morp^^^f°*^ an analog engineering data format, 
wac? i-hie riff for more extensive system performance analysis. It 
which included 495 AM/MDA/OWS analog meaLrements 
and 383 ATM analog measurements, which was used to conduc^fht 
measurement. system performance. analysis._ nduct—the 

Seltioi.6-f’''«M?^^f"°" system performance warn summarized in 
fn • . * large blocks of data were sometiines lost due 

to instrumentation system problems such as InLrmlttan? 
peration of transmitters, power supplies, and multiplexers the 

perfo?:anor""of'’'^° 9 |'' 4 r Jftsmely reliable with ^ l«rau: 

99.4%. The worksheets used to evaluate 

measurement system performance are included as an appendix tl 

include indi.vidual measurement values at four 
periods. These measurement values, may prSve 
beneficxal as performance-reference data for all skylab systems. 

I«o ?^rparts-'"“ar"^he®^®‘®" per.formance.analysis is divided 

^ manned mission, which is brieflv 

“ detailed in re£irenoe_12; and (2) thi 
XM/Mna/mwe®'' commencing on. Match 6, 1978, £m the 

?hrSSgh°!Lt"Sfta°?ransm??t the AM, and'con“nuiJ;| 

UuToi !uly U, reentry, over Ascension 

althougil the Skylab data system was used 
measurement performance was 

analyzed on a selective, basis dependent on processed dat^ 
availability. Data in the Appendix is from. the foilowirg dates; 
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6 February .9, 1974 
o March. 6 , 1978 
6 March 11 1978 . 

0 July ,11, ,19.79 ... 


End of ■ the manned mission 
Reactivation . o.f AM/MDA/OWS 
ReactivatiCn of ATM 
BDA and ACN prior to reentry 


Data from June 27, 1978, and May- 28, 19-79, was. used to. verify 
measurement status when there was a question concerning data 
reliability from the selected data dates,. 

Measurement "status," evaluation involved 4 possible conditions^ 


(1) Good (G) ; Measurement performance was valid throughout 
the manned and reactivation phases of’ Skylab's_life, 

{2) Questionable (Q ) : Those measurements that were part 

of systems that vote no.t react iva.t.ed, or remained at 
the. same zero or off scale. .values, as recorded at the 
end of the manned mission, and therefore, cpuld not 
be further evaluated. 

NOTE; An assumption. may be made that the measurements 

classified as "questionable" are ..in, all probability 

good, in that actual measurement failures were. an - 
extremely small percentage of the total Skylab 
measurement system. . 

(3) Manned Mission Failure (MF) ; Those measurementscon- 
sidered manned mission, failures,, as reported in ref 12. 

(4) Failure (F) ; Thoae measurements that failed, during 
the quiescent storag;.e..pjr reactivation mission. 


6.5.1 


Manned Mission Performance 


The Skylab data. system was activated during Skylab 1 launch, 

countdown and continued successful operations during all 
operational, phases, a total of 6,506 hours.. Of the 1,164 Skylab 
system measurement monitored by the data s-ystem, 134 were no 
longer providing usable, information at the end of the manned 
mission representing a .recovery rate of. 88.5%. The great 
majority of, these losses were due to instrumentation system 

problems (e.g. , multiplexsxs) as opposed. to indiv.idual . 

measurement, failure. The- overall- data system had no pxoblems. 
that- caused any significant impacts, to the Skylab missions. 

Detailed manned mission performance data may be found in 
reference -12. . 
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6 . 5.2 


Reactivation Mission Performa n ce Summary 


The Skylab Data System was. activated on Match 6, 1978, and. 

supported .reactivation mission operations until reentry on July,, 
11, 1979. During .the storage and reactivation phases, of Skylab, 
the measurement system developed no significant additional- 
problems. . Data. System measurement performance at reentry (July 
1979) was essentially the same as at the end of the manned 
mission (February 1974) more than five years earlier. There was 
a total of four measurement failures indentified during the 
reactivation mission- for an overall raeasureiment recovery rate of 
99.4%. 


6.5.3 AM/MDA/OV?S Measurement Analysis — 


Pour-hundred ninety-five (495) measurements were evaluated with 
respect to o per ational reliability with the results noted in 
Table 6,-3. _ 


The. measurement failures during .the reactivation mission were; 

C -- 030.2-512 TEMP- TM XMTR BIO CASE 
C -- -0052-806 TEMP EXT CM DOCKING . PORT TUNNEL 

D 7001-436 PRESS, R.S, PR LOOP,. PUMP DIFF , 

These failur.es did.not adversely effect reactivation mission 
operations . support . 

The- AM/MDA/OWS Reactivation M.ission measurement performance rate- 
was 9-9.2%. The. performance rate is defined as the ratio of. good 
measurements to good plus failed measuremen.ts . The ques.tionabl.e- 
measurements probably would show the same high performance rate 
were they able to be evaluated. 


6.5.4 


ATM Measurement Analysis 


Three-hundred, eig.hty-thr.ee (.383) measurements, were evaluated 
with respect to operational reliability, with, results noted in 
Table 6-4. 


TABLE 6-3 AM/MDA/OWS MEASUREMENT EVALUATION 





















































bearing temper ature^s. The ® function of CMG #2 

failed aurihg tSr n^J^^ed mLsion indication had. 

was believed to be the most oroh^hrl fTn speed transducer 

was. backed up by Phase measurement 

created no mission impLt wheel^.curxents -and therefore, 

overall ATM reactiSo; failure, th^ 

was_99 . 7% Performance rate 
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7.0 


nNr.QNTR6LLED VEHICLE MOTION 


The proqreas of the Skylab from its initial stable state to a 
very^ dynamic, condition just prior to the resumption of control 
was^a very interesting technical problem to analyze. One. 

approach to such an analysis is tO- compute all the- pertinent, 
external torques acting on the vehicle jnd numerical ly integrate 
the equations of motion to. Obtain time histories of th, 
motio?. While this has. the advantage oJ^P^ov-iding aw^ 
results with few. -if any approximations, it generally JJ^kes the 
physics of. the problem diff.icuU to understand and ^ 

better approach and the one used in this analysis _<3taws upon 
simplified theoretical work to explain the nature 
in certain regimes. The numerical approach is then used t 
substantiate these conclusions, and to combine the. various 

effects. Theory and numerical results can be checked, against 

each other at every stage and th.is greatly enhances confidenc . 
in the results. The major, advantage, however, ^ 
explanation and interpretation of results.. This J 

important in a problem of this type where much of the observe 

data seemed to contradict some elen^ntary "?avitv 

For example, data showed the vehicle had ^ 

gradient equilibrium orientation where it had stayed for 

three years. Instead the vehicle seemed to be oriented with the 
long axis perpendicular -to the orbit 4 >laJ^e 

gradient orientation) .- Also, the vehicle had /developed _ a 
relatively rapid spin rate about- the long pis and. this gave 
every indication of accelerating.. Sinca spin about ^is axis is 
generally unstable in the presence of energy diss.pation (usually 
found in rea-l systems), the development and persistence of this 
motion was puzzling. 

Skylab 's motion after it was., parked in 1974 , pro^bly built up 
in^ stages, but the exact time, of transition between stages ma^. 
never be known because the observations were mpe inpequently .- 
?r is known, however, that for many months it remaaned in i.ts 
J^iginal grivlty gradient orientation. In 1977, data showed the 
vehicle out of the gravity gradient equilibrium position and 
rotating through large angles.- While some singular “event, .such 
as meteoroid strike-, a gas bottle leak, 

responsible, this seems unlikely since the. status of tne 
on-board svstems did not support such an occurrence. 
Interestingly enough, there are other lens 

for what took place. A number. of papers have been published 
dealing w.ith the instability produced when a. g>^3yity g^^dient 
stabilized body is subjected, to a torque which forces 
llightly away from the true gravity padient equilibrium 
position (i.e., axis af minijr\um ine-rtia aligned with_ the 
perpendicular to the orbit plane). This is 

•barber Instability" after the author of the orig.inal paper 
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(reference 19). It was shown by. both Nurre .(referenco_20) and. 
Sperling (reference.. 21) that in the original Sky.lab .. 
configuration, (i.e.., two OWS solar arrays) aerodynamic forces 
could produce the necessary perturbation, subjecting the vehicle 
to this instability. Both of. the last two investigators were . 
working with mass properties associated with the origtnsl Skylab 
configuration (i.e. two OWS solar arrays). An effort was 
therefore made to asses the effect of. the absence of one solar 
panel on the aerodynamic torque disturbance and hence on the 
possible equilibria and stability of the Skylab. Nurre and 
Sperling used Fourier series to represent the aerodynamic forces 
and torques, taking advantage of. .symmetries, simplifications and 
various invariance conditions to achieve a reduction in the 
number .of terms used. For our study such reductions, were net. 
always possible because the actual Skylab configuration did not 
exhibit these symmetries. Not withstanding these conditions, 
the study basically paralleled the wot.k of Sperling, The 
analytical determination of. the equilibria of the equations of 
motion proved to be somewhat intractable.. An attempt_to do a . 
complete search for equilibria for a given altitude and density 
combination was too costly and prohibitive by computer time 
requirements. However, from our large simulation, equilibrium 
orientations were obtained., A linearized infinitesimal ana.lys.is 
was then used to study the stability of "the equilibrium, 
orientations. An examination of..~the coefficients of the sixth . 
degree, characteristic polynomial of our, system revealed that the 
coefficient of the. fifth power, was identically equal to zero- . 
Since this, coefficient is the sum of the roots of the 
characteristic polynomial, not all roots can have negative real 
parts. These results agree. with Sperling's conclusion about the 
stability of the_ Skylab,. An indication of the Skylab 
instability as a function of altitude is shown in a comparison. 
of the time cons.tants: the approximate time constants are 23.50 

and 2130 orbits for altitudes. of~ 235 and 150 n.m. orbits, 
respectively. It was also fouad that, the roots were very 
sensitive to relatively small displacements from the equilibrium 
positions, thus, tending to confirm the highly nonlinear nature 
or out problem.. 

With the . .weak ins.tability indicated by these large. time 
constants, a very small amount of energy dissipation (damping) 
could stabilized the vehicle. However., as the density increased 
(due to altitude decay or solar activity) , the required damping 
to maintain stability would have to increase. On a vehicle like- 
Skylab, energy dissipation is ptobably small in relative terms, 
and could not be increased. An assessment to. determine how much, 
damping was available- and the source of. such damping was made 
when the first, indications were received that the Skylab had 
left the gravity gradient attitude. Calculating backwards from, 
the observed density, it . appears that the system damping, 
available should have been on .the order of .01 percent of 
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critical. Th(^j sdurfies 6f damping considered were: 1) external 
damping as a result of interaction with the Earth's atmosphere 
and magnetic field (these were assessed and found to be below 
the reguifed value.); and. 2) internal damping which would result 
from structural vibrations and. th^ relative motion Of in.te.rnal 
parts. 6nce a_structure is 6x.oited, structural damping values 
on the order of 0., 5 percent (reference 22 ) have been observed. 

In this Case, however, the frequency of the gravity gradient 

motion is very low (Only abou.t 0 . 5 cycles per Orbit) .. The 

lowest flexible body mode had a frequency approximately 1000 
times greater (reference 22) and would, thus, be- very difficult 
to excite. Internal motion of. large quantities of material 

inside the vehicLe was .. difficult to justify. Liquids were 
thought to still be restrained by bladders and most equipment 
was secured- in some fashion. Abovei-all the very low rates and 
acceleration leve-lS being obs-erved offered nO plaoSible 

mechaniem for. exciting, the. mater ial .. It would then appear that 

the very small damping, value backed out o£_ the stability 

analysis, is consistent with that required to have-. maintained the. 
Skylab in a stabil ized. gravity gradient attitude prior to the 
Fall of 197-7.,. 

In view, of these, findiags, it is our conclusion that (1) the 
system damping for.. the vehicle in gravity gradient attitude was. 
very small (i.e. on the order of 0.01 percent o.f critical) and 
(2) the vehicle wen.t. out of its. gravity gradient orientation 
when the increase in atmospheric density caused, the instability 
to exceed the threshold established.-by the- Small system damping 
value 

Given this instability it was . inevitable that larqe amplitude 
motion would build-up.. When this happened, another relati-vely 
small aerodynamic effect began to be felt.. Because of the 
asymmetr ic- OWS solar array configuration of this vehicle, the 
aerodynamic moments, were- unbalanced producing a tendency to spin, 
about the longitudinal axis.. That is., if the vehicle were 
rotated slowly about the X.axiS and the aerodynamic roll moment 
recorded, the integral aver one complete revolution would not be 
zero. This effect is analogous to the aercdynamic effect, which 
causes an anemometer, to spin. Once started, rotation about this 
axis, slowly accelerates. This, e-ffect was suspected after 

examination of the. aerodynamic data . (reference 23) and was 
con.firmed when these data were input to a dynamic simulation. 
At this point, the puzzle as. to why the -vehicle had left ite . 
gravity gradient attitude and begun , to spin had. been largely 
answered. For a. bettor anderstandinq of. the motion of. the 
vehicle's spin. axis in the orbital . coordinate- frame, it was 
decided to consult some, of the analytical work on spinning 
satellites published during the past 20.. years. 
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tol aaSe axes 

xeaemblea tL elssaj Ldy o? ravb utlon kl„S5L ■ ^'' 

6f ay«atry. . Tha-oaaa o/a ay««riiirM?Sd bSV^^a b ?o”a? 
theas ?Ln??= by a aumbac of authota and. aomo of 

IJiSm 0 oo?f^b?2?® problorin tOt”a''of ; 

Hamiltonian "^with *ah»*''°'’i which ha dccived from the 

potential, func-tion he was .then able to 
o^oilibrium br.ientations where a static h«ian/w<a 

staMUtv^ot"?S, Sravitatlonal tMquea. The 

contoita^ of e.aanined and oloaed 

contours of the potential functioa used to illustrate t-he funoo 

of vehicle motion possible as a functio^ of spin raL 
ratio^^ ratio. Pot a symmetric vehicle with the Skylab inertia 
7-1 anr"7-2^for^t-^^® potential function are shown ^in Figures’ 

^ over, the range observed Th^ 

contours are plotted on the surface of a sph^^re with the* viewer 
looking down the orbit normal. The filled circles Loret^n^ 

and. the Contour-lines can bo. interpreted as 
bounds on the motion of the spin axis Thah ,•= ?? fw ® 

stable" pSini."'i? 1urround!n^'a 

vlcfof “s tie °« =y"«tiry along tSe radiS;. 

fhf ' stable orientation with the spin axis perpendicular- 

iith ihriSJulti was consistent 

wirn tne results obtained from integrating the eauation «3 of 

motion. Equilibrium orientations were found where pxedicted and 

of"'^ hf" Saaf"^" Violated. To determLr^e^l^ec^ ’ 

Kcreislon ''f torques, and orbital 

iidivldialiv =ns „r ® incorporated into the simulation 
individually and the- resulting changes not»d. Bv • nd laras. 

^etatnpf influences, but they ^ere 

buf "not'"In" pre'viouV'woJk^^^ 

f no.t._in a single analysis.. Meirovitch (referencp 2<5( 
extended Pringle^s work to include the effect of limpli 

aerodynamic, torques. In the cases he treated, this produced^a 

equilibrium point and a dikortfof the 

possible to confirm this gualitaJivelv 
n our simulation, but- because of the more complex aerodynamics 

^tocnran (referejice 261, Prangle (reference 27), and others^ 
wfh? effect of. orbital regression on long term 

va?u^ P“t, for spin rates belSw a SitfwT 

^.^“®'bh.e vehicle will precess and follow the- Orbital plane. 

”xef anf wfu^nlf in^TtiaUy 

tlxed and will nat follow the movement of the orbital plane. In 
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TABLE.7-1. 

SKYLAB MACS PROPERTIES 

PRINCIPAL MOMENTS OF INERTIA .. 

I^p = .759 X 10^ Kgn;2 (.532 X Tq1sLUG-.FT2) 

lyp “ 3£96 X 10® (2.C73ZX lO^SLUG-FT^) 

l^p = _3^823 X 10® Knm^ (2.819G X 10®SLUG-FT-) 

DIRECTION COSINE MATRIX BODY TO PRINCIPAL AXES 
[A]p^ .0812 -.0210. .1760 

.0162 .9781 -.2073 

-.1765 .2069 .9623 





FIGURE 7-1 DYNAMIC POTENTIAL CONTOURS VIEWED IN THE ORBITAL FRAME 
SPIN RATE -6.50/SEC 



follow the orbital plane ThLe ® and the. motion did not 

presented in referencL 28-31 helLd 2lJ«hf- wotk 

numerical solutions obtained fS confidence in the 

provided a goi^s in evaluatina t*ho a «. , ®^^'^^ation program and 
effects. Without s^ch a the var iaus. 

much more difficult.. ramework, this task would have.been 


SIMULATION DBSCRIPTlQKr 


The uncontrolled motion of the Skvi=h , v, • -i 
simulated using a 6-degre^of-fr«^L was. 

Honeywell CP-V system. The Jouation^^ program on the 

rigid body in orbit about ?L Lr?h ^ 

numerous documents and will not be Published in 

IS interested he is referred fe ""fstated here. If. the reader 
example. The rioir bed,, reference 21 for a . typical 

earth model and includes the effects of ^ 06 ^^ rotating, 

to gravity gradient and aeroLnamie^for^ torques due 

used to represent the attifudo r,f forces. Quaternions were 

variable step-slzerllj“pase RuLe-v, “Usa vehicle and a 

used. Using this scheme, *^the Skvlah integration scheme was. 

for approximately T mlnuS’s t?mr° si">ulated 

integration round-off_errors. time without appreciable 

gelmalneui 'L’«vi?ur®5at" t"d Predicted solar and 

were provided by Space Scien^L^ density profiles 

predicted data were blled oi laboratory, msfc. Thest 

and were updated monthly.^A detailerdp^®"^- mean values 
IS given in. reference 32 . "detailed description of the model 

Force and^Lmenrcoefficients"'fS^^^^ Reference 23 . _ 

are ^iven as a function o? Lg?e o^^^^ 

. The data cover all oossihlo^.ir-ias!f^ roll. 


Skylab. 


are 

angle.' The data coviraiT ''..ooo - ki attack and aer 
and were used on the 3imula?ion\i%abi:^'ook-i;L,?4m^^ 

are presented°aid^. compared *^^w^ simulation 

telemetry. «mpareo with data obtained from vehicle 
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C gMPAgISO tLQF_^EMSTERED DATA ANn 
SIMULATION RESULi^ 


After contact 
were_ava liable 
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for clues to the vehicle's behavior. The two major sources of. 
data were the vehicle's rate gyro system and the solar array, 
system/ however, each of these had certain limitations. ..The 
rate gyros provided an. accurate source of rate information, but' 
were scaled so that only rates below 1 degree per second j:ould 
be measured. Since the X axis rate was greater than this, only 
the sign was _ available for this axis.. A fairly accurate 
measurement of "the roll rate magnitude could be obtained by 
timing the light-dark cycle observed in. the solar array output, 
but the axis of rotation could not be determined accurately,. 
The s.trength of_ the output from the solar arrays gave some 
indication of the sun incidence angle on the solar arrays. 
Occasionally the sun would pass within the field of view of the 
acquisition sun iensor. These were the only sources o^ 

information concerning the orientation .of the body in space. 
Both the data from the simulation and the spacecraft indicated 
that while the vehicle was undergoing considerable motion and 
the pattern was rather—complex, .the motion was no± randonu 

An example of the motion observed, can be obtained by 
initializing the simulation program using data from the on-board, 
rate gyros and sun sensora. . These data were taken in March 1978 
about 24 hours prior to the activation of. attitude_contrx>l . 
Initially the Skylab was oriented with the--X principstl. axia in 
the y,-Z, plane, approximately 8 degrees off the.oroit normal. 
The Z body axis, was dixected up, 2 degrees off the radius vector 
in the Y.-Z, plane. This xesulted in a 15 degree, angle be.tween. 
the solar panels and the sun line. The Skylab was spinning, 
about the X principal axis at a rate of 1.73 degrees/sec ( &), ) . 
The total angular rate about the Y and Z principal axes. was. 
0.203 degrees/aec. Figure 7-3 shows the initial orientation of 
the vehicle., the angular momentum vector H and the angular rate 
vector. cJ in the orbital coordinate aystera. 

Since the external torques are small and the vehicle is 
approximately symmetrical about .the Xj. axis, the motion aver. .a 
short time period (15-30 minutes) can be compared to_ that of a 
torque-free spinning body of. revolution (reference 33). If~we 
consider the torque free motion, the angular, momentum would- 
remain constant in magnitude, and its direction fixed in space. 
For the angular rates of 1.73. degrees/sec and 0.203 degrees/sec, 
the angle between <Oi_and H would, remain constant at 31. degrees. 
The angle between H and the orbit normal would be a constant 24 
degrees. If viewed by a space fixed observer, both O and CJi 
would precess about the angular momentum vector at a. rate of '0.. 4. 
degrees/sec (15 minutes/cycl.e) . Simulatioa results., which 
include both, the effects of. external torques and an asymmetric 
vehicle are shown in Figure 7-4 through 7-6 for approximatelyab . 
1/3 of an oxbit (30 min). The. 01 coordinate system is., 
inertially fixed and is ini.tially aligned with the orbital 
coordinate fraiae 0. A unit vector along the angular momentum is 
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represented by a solid line and the symbol 0. The long-short 
dashed line ■ with the symbol .A represents a unit vector along 
to and short dashed -line, with the. symbol X represents, a unit 
vector along the Xp (wi) axis. Figure 7-4 presents traces of. 
these unit vectors in .the orbital plane (X.i-l«) as viewed from 
the orbit normal. During this 30 min interval^ the momentum 
vector remains nearly constant in this plane, while the <0 and 
<0i vectors complete a little more than two revolutions about H. 
Figures. 7-.5-and 7-6 show the same data in the X« -¥« plane and 
the Yoi -Zoi plane, respectively, and show that the motion of.: 
these vectors is confined to one side of the orbit plane. For 
the torque-free symmetrical body motion, the momentum vector 
would appear as a single point, while the 0 . end. cJt vectors 
woxild trace repeating circles about that point. 

In late 1977, when observations indicated the Sk.ylab was no 
longer in the stable gravity gradient attitude, it was first 
thought to be. in a random tumble mode. At best, the ground 
observations could, give, the orientation of "the . longitudinal axis 
of the Skylab, and at times, the direction of the solar panels. 
Figure 7-7 is the motion of H, u and Xp in the orbit plane as . 
they would appear.' in the rotating orbital coordinate system Q. 
While the motion appears more, complex when viewed in this 
system., there stilL exist a definite p.attern.. Because of the 
offset of the principal spin axis.' from the longitudinal body 
axis (*10 ) , determining the motion of the Skylab based on 
ground observations was more difficult.. Figure. 7-8 shows again.. 
the motion of Xp in the orbit plane as it would appear to a 
ground observer. In addition, the motion_of the X body axis is. 
represented by the solid line with the symbol □ As the 

principal axis comes about the angular momentum vector' at a rate- 
of 0,4. /sec, the body axis., is. rotating about the principal axis 
at a rate of 1.73 /sec. 

In view of the similarity between the numerical resulta and. the 
torque-free solution, it seemed that the -body rates measured by ' 
the o.n-board rate 9y/o system . should also exhibit some 
consistency when viewed in the same- way.. 

Table. 7-2 - presents. measured rate data from the vehicle obtained . 
in early March. . As. previously stated, the X rate gyro was 
satui^ated and the.rolJL rate determined from the solar arrays was 
1.20 /sec.. This rate was assumed to bo along the. Xp axis. The 
angle between X and the angular, velocity vector,©, and the 
angle between X and the momentum vector ,♦, were- computed using 
the equations of reference 12 . la., the same fashion, the- 

precession . and nutation, rates and v were dete.cmined_f rom the 

giveh rate data. 

If the torque-free- approjcimation were strictly true, and if the 
measurements were-free from error, all four Of these parameters 
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TABLE 7-2 - 
SKYLAB BODY RATES 
MEASURED 3-11-78 









would have donstant values.— While this is. not precisely 
correct,, note the consistency that is introduced by viewing the 
data in this form as opposed to looking at the. body rates 
themselves.- Data taken on subsequent days also showed the same 
pattern and gave confidence- that this approach was applicable. 
When the processed data from several days ^*as examined some long 
term trends were indicated. (Table 7-3).. These data represent 
all the. measurements, obtained from the vehicle rate_gyro system 
between initial contact (3-6-78) and control moment gyro 
activation (6-9--78) . These, data show that over this period the 
spin rate increased with time, as did the precession and 
nutation rates. During the same time, the angle between the X. 
principal axis and the momentum vector grew, from 12 to 30 
giving a much wider cone. 

While the -torque^free. appro.ximatlon can be used for- the 
short-term motion, the effect of the external torques must be 
considered for the long-term, motion.. These torques, though - 
small, cause, the momentum vector to process about the orbit 
normal. For. this case,. the period of precession is 

approximately 14 hr. _ 

Simulation results covering 21 hr. are shown in Figure 7-9. The 
solid line shows the motion. of the angular momentum vector in 
the inertial system as viewed from the- orbit normal.. For 
clarity, the X principal axis is represented by dots with its 
motion for a 3.0 min period at the beginning and ending of this 
time from indicated by the. dashed circles. A pictorial 
representation of this . motion as it would appear to an 
inertially fixed, observer is shown in Figure 7-10. 

While the cone angles and rates in late 1977 differ- from the 
simulation results shown here, the basic motion of the Skylab 
was the same. Thus, it is easy to. see that early . ground 
observations, with sighting times of only a few minutes 
duration, might give the indication of a random tumble. 

Shown in Figure 7-11 are the angular rates. about the principal 
axes. These simulation results show that^while the- rates about 
the Y and Z axes oscillate, between +0.2 */sec, their average 
value . remains constant. Tiie rate about the X axis has a small 
short term os.cillation with the average value increasing at a. 
constant rate due tou the aerodynamic- torque. Figure 7-12 
presents another comparison of measured data and simulation 
results. Just prior to activation of the attitude control 
system, a systematic effort was made to deduce the vehicle's 
attitude. This was important because the. vehicle had to be 
maneuvered to face the sun -and, as there, was no on-board 
attitude reference , some idea as to where- the vehicle was 
expected to be pointed at a given time was needed. The 
vehicle's solar array system .was perpendicular to the vehicle's 
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OBBIT NORMAL 



FIGURE. tJO MOTION OF VEHICIE AXIS Of SYMMETRY, 

X . ANGULAR VELOCITY VECTOR, co, AND 
MOMENTUM VECTOR, H, ASVIEWED INERTIALLY 
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FIGURE7-12 COMPARISON OF MEASURE 
t VECTORWITH SIMULATION 


Zgaxls. Since the vehicle was rotating at nearly 2 * /sec about 

the. aide of the arrays with the solar cells 
attached would go through a light**dark cycle every three - 
minutes. Prom an examination of the maximum output level and 

knowledge of the array performance, one could estimate -the ~ 
minimum angle between the Zg axis and the sunline (ft,..*. ). 
This would only give a magnitude, however, and other data nad to 
be used to determine sign. Fortunately for most of this period, 
the acquisition sun sensor was available and, though the angles 
were usually beyond its linear range, its signature did indicate . 
sign. The 0 points plotted in Figure 7-12 are the result of 
-combining • these data to give, the minimum angle between Zg and 
the sunline. Note,, there are some data gaps. These were due to - 
the necessity of having the. vehicle, simultaneously in the sun 
and over -the ground- station. 

The X points in Figure 7-12 were obtained from the simulation, 
and represent the vehicle's attitude to the solar vector in the 
manner indicated above. Since the flight data consist of - 
discrete points covering quite a range, it would be incorrect to 
say that the simulation results duplicate the observed data in 
the usual -sense. Howevjer, the simulation results and observed 
data ^ do exhibit the same ranges and periodic characteristics 
leading one to conclude that the vehicle's motion was- probably 
very close to that indicated. by the simulation. 


7.3. SUMMARY 


The motion-. ^ Skylab prior to the resumption of active control 
provided an illustration of: the effect, of . aerodynamic and.. 
gravity gradient torques on vehicle motion. Once the vehicle 
began to rotate, gyrodynamic effects began to play an. important 
part and this became more pronounced as the spin rate increased. 
Though complex, this behavior can be predicted both numerically 
and analytically. In the course of this study , the 
complementary roles of both numerical integration and closed 
form analysis were demonstrated. In cases such, as this, a 
combined approach will, produce better results than either 
approach alone... 
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MISSION ANALYSIS 

introduction 


This section discusses 
aspects of Skylab from the 
February .8, 1974, until 

GMT. 


the mission analysis and trajectory 
end of the. aative manned phase, 
impact on July 11, 1979, at 16:37:30 


BACKGROUND 


u*?® Skylab manned .mission Skylab was expected to 
between 5 1/2 and 9 years. (Mid 1979 to 1983) 

21 -based on the 1974 prediction of solar cycl; 

Skvlah ballistic coefficient and assumption that 

^o?a^panarJral??„g-the"dLe^Uo„“o1 

coelfioient^lnd A in kg., c„ is the drag 

waf oaWateS L • The ballistic ooetficient: 

acSal^Snd nrpd^ upon the comparison of Skylab's 

^ F This change- reduced the expected 

Skylab reectry by approximately 2 ,1/2. years. ^ 

It was determined in the fall of 1917 thaf qifviah ha/t i«4r*. ..u 

attitu'di’"?ni''^‘af *a'^ 

«?niar a/-4- • decay rate. In addition, there, was a greater 

c?cle 21 ’"5®" expected at the begicning„of solar. 

Fho f increased aclivity increased the drag forces on 

the vehicle. Skylab was then predicted to reenter the earth'*? 
atmosphere in late 15.78 or ea?ly 1979 unleH somlth^rlg was Tone' 

mak^'^^%ecision^^-o°*'•F^®''^^"^ upon. it. It was necessary to 
Sf Skvlah^oF either accept an early uncontrolled reentry 

attempt to actively: control Skylab in a lower 
extending its orbital lifetime until a 
Skylab "'^Pro^ the^'^faf ? q??^ or... deorbit maneaver with 

i.p«t;nt tc accur tel'?“de?l.i?r tSe', 

aeuouf ihSir'afl^r^" attitude oplionlwatal 

TOnitotcd^ / nussion li.£etlme had to be Continually 


jf®. apparent,, the Combination of the 

conditions and others to be discussed (chan ges in 


above-mentioned 
. . . the — ballistic 
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changes in Skylab's attitude, changes in the 
maximum date and magnitude) resulted in the 
oj^inally expected Skylab reentry. Predicting 

an.iSa-ii non-deterministic 

analysis which continually required updating as new information 
became available. 


8.3 


SOLAR ACTIVITY 


predicting the lifetime of orbiting 
orbital atmospheric density level that the 
vehicle is expected to experience. The density is a function of. 
solar activity and altitude. For reference Figure 8-1 . 
summarizes the predicted . peak -solar.„(smoothed sunspot number, 
*** , level for solar cycle 21 made throughout the time 

period Skylab was in orbit from December 1972 through May 1979. 

. 5 ®. it was the integrated effect upon the _ 

vehicle s lifetime of the actual orbital density and not a 
single peak value for the cycle that determined the lifetime of’ 
Skylab. The 50% (nominal) and the 90%/95% confidence. Jaands are 
Shown. Several other solar predictions made during the period- 
other or 9 ^niz^t 10 ns are jshown for. comparison purposes* 

The 50% or nominal value of the predicted peak sunspot number at 

tv S- impact was greater than the upper level of 

the 90% confidence band for the predictions made at the end of. 
the manned period in early 1974. Figure 8 -la is provided for 
reference on . the predicted behavior of sun spots to Pm, cm. 

data, is what is actually 
utilized in the atmospheric density model used to predict.. 
satellite lifetimes.. The predicted .date of the solar activity 
maximum along __ with the maximum sun spot magnitude and the 
corresponding. F,<>.t cm solar flux magnitude are shown as a. 
function of the date of the solar activity prediction^ The 
predictions, are shown for the entire period Skylab was in orbit 

preflight and post flight predictions. The . 
predicted date of the solar .maximum, also shown on Figure 8 -la. 
varies from early 1982 for the 1974 predictions to late 1979 at 
the time of Skylab »^s impact. The combination of higher peak and 
earlier date of the peak reduced the. Skylab lifetime since both 
factors cause an increase in density. 

Ev^y*^v? ®"v. 8-5 show- the actual solar activity during 

Skylab's orbital lifetime. The. daily P,,., cm solar flux, the 
iZ average of solar -flux (Pi».i ) and the daily geomagnetic 
index (Ap) variations are shown. During the time Skylab .was. in 

MOB maximum 162 day solar flux average reached a maximum 

of .185. 
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VALUE OF MA)CIMUM 
SOLAR ACTIVITY 



DATE OF SOLAR ACTIVITY PREDICTION (MSFC) 
FIGURE 8-lA SOLAP MAX PREDICTIONS 
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FIGURE 8-3 ACTUAL DAILY AND AVERAGE Fia 7cm SOUR ai6< 






TII1E IN DAYS / YEARS 

FIGURE *8-4 ACTUAL GtoMAGNETlC ACTIVITY 
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FIGURE 8-5 ACTUAL GEOMAGNETIC ACTIVITY 





8.4 


SKYLAB ORBITAL DECAY MAY 1974 TO JUNE 1978 


Skylab began. experiencing orbital decay as soon as it was placed 
in orbit in May 1973. During the manned-portions o£ the Skylab 
mission several attitude adjustments werja made to compensate for., 
the orbital decay. Shortly before, the last Crew left Skylab 
(February 1.974) the Apollo Command and Service Module boosted. 
Skylab into an orbit slightly higher (238 nm) than the. original 
235 nm orbit. After the last crew left, Skylab. was commanded to 
a gravity-gradient, stabilized attitude. Figure 8-f shows the 
decay of the Skylab orbital altitude from launch to impact. 
Mean orbital elemeats were received from NORAD (North Americaa. 
Air; Defense) on a regular basis during the passive Skylab 
period. One of the parameters re.ceived was mean motion from, 
which, the mean semi-major axis could, be calculated. With tha 
actual semi-major axis for comparison and the actual solar 
activity data, the. Lifetime prediction program could be utilized 
to determine, a ballistic coefficient that' matched the actual 
decay.- During the. passive period the "best". decay comparison 
was found utilizing a ballistic coefficient, of 130 kg/m^- .. 
Figures 8-7 and 8-8 show the predicted (based on the ballistic 
coefficient of 130 kg/m*") and the actual, altitude, decay and the 
decay rates during the passive Skylab period. The -actual and 
predicted decay matched well until the. middle of 1976 when . the 
predicted decay began. to slightly exceed the actual decay. By 
the end of '1-9.77 the actual decay was exceeding the predicted 
decay.. Over’ the entire passive, period the actual and .predicted 
altitudes differed no more than 1 km. Decay comparisons made 
fox shorter periods (6 months to 1 year) resulted in different 
ballistic coefficients (From 120 to 144 kg/m^' ). Figures 8-9 
shows -the . Beta angle history during the passive Skylab p.eriod. 

A number, of Skylab lifetime predictions w.ere made during the 
passive period which are depicted on. Figure 8-10. The 50% or 
nominal and the- 97.7% or +2- level predictions are shown. The 
ballistic coefficient used in..making the predictions are sbo.^.n.. 
The ballistic coefficient used in making the prediction arc-' 
deno.ted along with the predicted impact time. The pref.\ight 
value of 122 kg/m* was based upon the two panel ccr.figui anion, 
the best available weights, and the preflig.ht theoretical 
aerodynamics, assuming that the vehicle would be controlled in 
the. SI attitude to impact. 

During the unmanned period between the first and second- visit, 
(approximately 5 weeks) a deca.y comfar ison. was made to determine 
the -ball is.t ic coeff icient. . That is, the actual, orbital decay 
was compared to the decay predicted with, the lifetime prediction- 
program. The resulting, ballistic coeff .icient that gave the 
"best" • deca.y comparison was 17.0... kg /m*'. After, the manned Skylab 
miseion. was completed the vehicle... was -understood to be left, in a 
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FIGURE 8-7 PREDICTED AND ACTUAL DECAY 
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FIGURE 8-8 PREDICTED AND ACTUAL DECAY RATES 
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?°hir rar\Sr.rat^^iS? Kr/.‘‘SeaS^in S'a^lSf thr^Sd if 

S- lr^£ 1^rIr.^i^ ? 

exception that the ATM was. trailing rather than the 

laSil. iSis made a significant bi!iuui 

to the velocity vectot. The tesdlti"9 e balliltic 

iiSfficUnts siSwn on Figure 8:lf are based upon decay 

comparisons. Of- 6 months. to one year in ^™®sk5llb^s 

time had passed that a decay comparison could be mad^^^^^ . 

"l5rt“"ai?ei '""Ihf ‘"™ir'miSneriiLii?i" Thus- the 
griiiiy-gradient stabilised attitude, of SjYlab «as not with^ th^ 
ATM or OWS solar panel exactly traj^ling the directio^ ^ a 

motion. In fact, the ballistic coefficient was aImost_m^^ 

between the ballistic coefficients of salted in' 

Other decay compact isons were^ made 

annroximatelv the same magnitude ballistic coefficient. 

Sivir! iiLrd the end of the Skylab's «‘ 9 ht the impact ^ 

preo..clons occurred. earlier . This is because the actual solar 
activity began its dramatic increase during ^ 

1Q77 This increase was subsequently reflected in the solar 
aftliitf preSirttoLland , contributed to the earlier predicted 
impact dates. 


SKYLAB ORBITAL DECAY JUNE 1978 THROUGH JANUARY 1979 


'Development of the EOW. control, mode , ®®dtion 2.K1) 

r'reboL?'“r''’Lorbrt'vL'an'orMtal ?elrieval ?y-tem «uld be 

tfirnirSfgr !^a?:;^a^y''^isr Sig^°s:ce;r;‘f^f ^ r i 

Innp/Julv The effect of the EOW attitude on orbit decay is. 
illustrated in Figure 8-6. A noticeable decrease orbit decay 
rate (from 128 m/day to ^Im/day averse) is evident 

r?^ew?Je!\h1n^rel^f in.‘"th“ ofbtt, feSy rate^ff^om 1J4 ™/day to 

»=tsrii?aft"nefjifa“trit;^r^rdfnuf^ri. 

The time spent in the EOW attitude extended ® 

lifetime- approximately ^woild ^h^ve^probably 

the-EOW attitude- imtil impact,. >^eentry EOW 

attitude 'thrLllistic coefficient vJried as.a function, of the 
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2o.ffictent‘’«Jui whife"iS%he*Elw l^ltuae?" 

ooeficient varied from 303 to 333 kg/m^ baUistie 

Skylab's orbital life, comparisons of 
decay and predicted decay over the EOW control 
period were made using the variable ballistic coefficient tiSe 
history in Figure 8-lla and actual solar activity iJSJts to 
orbital atmospheric density model. Figure 8-12 shows the actual* 

aUd ®o«i?ctfd*'d^‘“‘’* "‘ 9 url 8-13 shlSr the acJSaJ 

rate. It is obvious that after about two 
months of very good comparison. the predicted altitude doer not 
rapidly enough. This behavior is attributed in part to 
rapid changes in the solar activity that are not toJallv 

in^^the^o^h^t^i orbital atmospheric density model utilized 

i^rSted program. This phenomenon was 

Astrophysical ObservatoryrwhosrmoderL 

aiEF^'r " 

tmospheric density bias. A much better comparison between the 
predicted data was obtained., Nume^Sur Tiletinir 
predictions were made during the. EOW period. Table 8-3 
summarizes the lifetime predictions.. The EOW attitude was 
assumed to be held until impact.„in these predictions. 
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FIGURE 8-ny\ SKYLAB BALLISTIC COEFFICIENT VS DATE 




















TABLE 8-1 


LIFETIME PREDICTIONS WHILE IN EOW 


DATE £>F MSFC SOLAR 


PREDICTED DATE TO REACH 


150 NMI 


IMPACT 


VECTOR DATE 

ACTIVITY PREDICTION.. , nOM * 

+2o 

NOM * - +2o 

7-4-78 

July 78 

4-13-80 

11-6-79 

6-26-80 

1-3-.80 

7-25-78. 

August .78 . 

3-29-80 

11- 4 -.79 - 

6-18-80 

1-.1-80 - 

8-21-.78 . 

September. 78 

4-13.-80 

1I-.22-79 

6-27-80. 

1-22-80 

9-.6-78 

September 78 - 

4-10-80 

11-23.-79 

6-24-80 

1-23-80 

9-29-78 

September 78 

4-9-80 

11-25.-79 

6-.23-80 

1-25-80 

9-.29-7S 

October 78 . 

4-5-8D 

12-2-79. 

6-18-80. 

2-3-80 

10-27-78 

Octob.er 78 . 

3-31-80 

12-4-79 

a- 12-80 

2-4-80 

11-2-78 _ 

November 78 . 

3-8-80. 

11-24-79 

5-16-80. 

1-24-80 

11-27,-78. 

November._78 

3-3-80. 

11-25-80 

5-11-80 

1-25-80 

12-3-78— 

December 78 

2-22^80 

11-5-80. 

4-30-80, 

1-23-80 

1-1-79 

December 78. 

2-18-80 

11-16-80 

4-26-80 

1-24.-80- 

1-.1-79 

January- 79 

2-9-80 

11-20-79 

4-17-80 

1-18-80 


*■ SOLAR ACTIVITY PROBABILITY LEVELS 


NOMINAL 50% 
+2o = 97.7% 


8.6 8KYLAB ORBITAL DECAY JANUARY 25. THROUGH JUNE 21, 1979 


Pcioe to the decision in December of. 1978 to terminate efforts 
to attempt a controlled reboost or deorbit of Skylab with an 
orbital retrieval system, every effort possible was made to keep 
Skylab in orbit as long as possible. After this decision Skylab 
was placed -in the SI control attitude, on January 25, 1979, and 
attention was then directed, to the remaining orbital lifetime 
considering the SI attitude. 

Precise derivation of the ballistic coefficient (BC) for- this 
attitude was necessary. Since the SI attitude places the plane 

of the solar arrays perpendicular to the Earth/sun line, 

Skylab's orientation relative to the velocity vector and the 
resulting BC were continually changing. It was necessary to 
take this into account in predicting the ballistic coefficient. 
Knowing that the long axis of the vehicle (X-axis) was 
essentially in the orbit plane and that the vehicle roll angle 
was a function of the beta angle (see Figure. 8-16) , it was-^ 
possible to derive a time history of BC as a function of beta 

which was later verified to be within a few percent of the 

observed, values. The range of these BC's was between. 140 and- 
220 (see Figure 8r*17). Figure 8-18 shows the beta angle history 
for this time period. 

During the time Skylab was in SI attitude several uncertaiaties 
compounded the task of predicting Skylab's lifetime. First, to, 
what minimum altitude could Skylab be controlled in the SI 
attitude? Second, in what attitude could Skylab be controlled 
to a lower attitude? Third, what would be the ballistic, 
coefficient for thia attitude? Finally, when would the attitude 
change occur? In order to make the best possible lifetime, 
prediction for Skylab these questions had to be answered. These 
questions were eventually answered and are discussed in Section 
8-7 of this document. In the meantime lifetime predictions were 
made, assuming the vehicle's SI attitude was held until 150 nm 
altitude with tumbling occurring from 150 nm to impact. This, 
strategy provided consistent lifetime predictions until the 
above questions -were answered as well as a data base of lifetime 
predictions to. evaluate daily solar activity effects upon 
Skylab's decay. Table 8-la shows_the results of using this BC., 

Figures. 8-19 and 8-20 show the.-predicted and actual altitude_and 
the predicted and actual decay rates of Skylab during the SI. 
period.. This comparison was based upon the solar activity data 
shown in Figure and the ballistic coefficient history shown 
in Figure 8-17. The. actual and predicted decay did not compare 
very well. As in the EOW period this is attributed in part to, 
the density modeling during periods of very active solar 
activity. Also, other contributing factors could have been 
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TABLE 8^1 A 


predicted niPACT DATES BSIMG_SI AND TUMBLE 


Vector Date 

1(10? 

-2/12/70 

2/22/70 

• 2/28/79 

3/1/70 

3/16/70 

6/1/70 

5/15/70 

5/25/79 

5/29/79 

5/30/79 

5/31/70 

6/4/79 

6/5/79 

QieiiQ 

6/7/79 

6/8/79 

6/11/79 

6/12/70 

6/13/70 

6/14/79 

§/15/79 

6/18/79 

6/19/79 

6/20/70 

6/21/79 

61/22/79 


Impact Date 

S/12/70 

8/1/79 

7/28/70 

7/24/70 . 

7/20/79 

7/12/79 

7/10/79 - / 

7/4/79 

7/3/79 

7/3/79 

7/5/79 

7/8/79 

7/8/79 

7/9/79 

7/9/79 

7/10/79 

7/10/79 

7/11/79 

7/11/79 

7/11/79 

7/12/79 

7/12/79 

7/12/79 

7/12/79 

7/13/79 

7/13/79 

7/13/79 

7/13/79 

7/13/79 

7/13/79 


£ 74 « 



32.3 


NOTE: EAR' 





8-20 




uncertainties in the aerodynamic and solar activity data. When, 
the lifetime was calculated using_a plus. 18% bias in atmosp.he.ric 
density, the decay more. closely apprOximted. the observed decay 
as can be seen. in -Figures 8-21 and 8r22, 

The density bias, used in. the calculated decay, to provide for. a 
closer 'match in decay is not. a constant, but seems tO-be a. 
function of the magnitude of the solar activity variations and 
other, factors, e.g. aerodynamic data, attitude, etc. Comparison 
of the actual and predicted decay was made for the last month 
of SI (May 25 to June 20), When the decay was calculated with a 
plus 4% density bias it closely approximated the observed data, 
as can be seen in Figures 8-26 and 8-27, . This comparison was 
based, upon the solar activity data shown in Pigur.e 8-3... and the._ 
ballistic coefficient history shown in Figure 8-2.4., 


8,7 .SKYLAB ORBITAL DECAY JUNE 21, 1979 TO IMPACT - 


Development of. the TEA Control mode (Section 2,1,3 and .3. 1,2). 
resulted from a ..Oecisioa to. try to control the impact of" Skylab 
to a particular orbit, one. which would be characterized by a low. 
population density. There were essentially two constraints 
which determined when the, TEA co.ntrol scheme could be used. One 
of these, depended upon the sun angle_on the solar arrays,. The 
other constraint was the minimum . altitude ( 140nm) at which 
Skylab could still be controlled in .the SI. attitude. 

It thus became necessary to accurately predict both the beta 
angle and the altitude of ' Skylab such that a time, (window) could 
be picked where. sufficient power would be available-dur ing the 
total time Skylabwould.be in the high drag attitude (T121P) , 
It was also necessary for the window to open before Skylab 's 
altitude -fell below the. SI control threshold.' Figure 8-21 shows 
the beta -angle . aad..altitude that were acceptable for the T1.21P 
control. As can be seen, June 19, 1979 to. June 24, 1979 
satisfied both the power and altitude constraints for entering 
T121P. Based upon predictions of altitude and beta angle., June 
20, 1979 was selected as the date to go to the new attitude, 
which corresponded to an altitude- of 142 nm. It was nOw 
necessary to derive a BC for the T121P, attitude,. Initial 
estimates were predicted by dynamics and control simulations, of 
the vehicle. in_its opera.ti.ng environment. Pinal - values were- 
determined by methods developed by observing. the orbital decay 
behavior. This method compared the decay rate of. the vehicle 
for various BC's to that BG which gave the best tit of the 
actual decay rate. The method. was modified by checking other, 
satellite decay rates in order tO be assured that atmospheric 
model variations and other f actor s...were. accounted for- in. the 
calculation of BC,. 
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•l/lS/79 tS/tl/TS •3/16/79 93/29/79 *4/12/79 *4/26>^9 •5/19/7B 96/24/79 96/97/79 



FIGURE 8-^2 ACTUAL AND PREDICTED DECAY RATES DURING SI ATTITUDE 






ALT. 





Figures 8-^4 and 8-25 show plots of the resulting BCs for a 
representative period Of time for both the SI attitude and the 
T121P attitud.e respectively. Figure- 8-26 shows the predicted, 
and actual decay of Skylab during the final month of the SI 
attitude where decay is determined using the predicted BC's,. 
Figure - 8-27 shows that a 4% dertsity bias is required to match 
the actual deCay Curve. Again, this 4%. density bias may include 
uncertainties in the aerodynamic data and the solar activity 
data. Similarly, figures 8-28 and 8-29 show that a 3% density 
bias is required to match predicted decay w.ith actual decay for 
the T121P attitude.- As can be seen, the predeicted and observed 
decay curves were quite close in terms ujf a daily average. 
Lifetime predictions for this scenario (i.e., SI until June 21, 
1979, T121P until 80 n.m.., a tumble thereafter) are shown in. 

Table 8-2. The T121P. configuration was maintained • until 7:45. 
GMT on J.uly 11, 1979, when the maneuver to tumble ..was initiated.... 












SI ATTITUDE 







T 121 P ALTITUDE 



FIGURE 8-28 

PREDICTED AND ACTUAL DECAY 




T121P ATTITUDE 









TABLE 8-2 


PREDICTSD-IMPACT... DATES USING SI, 121P AND TUMBLE BC 


! Vector Date ' impact Date 

!• 


5/25/79 
j 5/29/79 

5/30/79 

i; 

^ 5/31/79 

f 6/04/79 

I ' 

j 6/05/79 

I 6/06/79 


6/07/79 ■ 

6/08/79 

6/1.1/79 

6/12/79 

6/13/79 

6/14/79 

6/15/79 

6/18/79. 

6/19/79 


6/20/79 
6/21/79 _ 
6/22/79 


7/09/79 
7/0.9/79 
7/10/79. 
7/10/79 . 
7/10/79 

7/10/79 

7/10/7-9 

7/10/79 

7/10/79- 

7/10/79 

7/10/79 

7/09/79 

7/09/79. 

7/09/79, 

7/09/79 

7/10/79 - 

7/1.0/79 

7/10/79 

7/10/79 







! 
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9.0 


SKYLftB REENTRY 


9 . 1 DRAG MODULATION 


With the decision to discontinue the effort to extend Skylab's 
orbital lifetime^ a scheme had to be develope.d to maintain 
vehicle control in varying attitudes as a function of altitude, 
since lower altitudes resulted in a different aerodynamic drag 
effect on the. vehicle, thereby control stability. Also by 
changing the vehicles attitude its orbital decay rate_could be 
increased or decreased as necessary to insure that the reentry 
of Skylab occured on an orbit characterized by a. low population 
density. This provided several . options that could be 
excercised. For. example; (1) if it was desired to extend 
vehicle lifetime a multiple number of revolutions, the vehicle, 
could be maneuvered from the high drag TEA attitude to the low 
drag TEA attitude reducing the drag approximately 50% (holding 
the low drag attitude for. 12 revolutions resulted, in a lifetime 
extension of approximately 6 revolutions); (2) a maaeuver to 
effect a tumble during the terminal phase of decay (below about 
85 n.m. to 75 n.m.) reduced the drag by approximately 15% for a- 
lifetime extension of up to one revolution and (3.) continued 
control in a high drag attitude in conjunction with a tumble... 
(approximately 70 n.m.) reduced orbital lifetime by up to one 
revolution. In the actual mission, option (2) was ..successfully 
executed, at about .81 n.m. 


9.1.1 


Procedures 


The procedures used in real time were; first, determine the 
predicted longitude of the ascending, node, time, and impact 
position of the reentry orbit; second, estimate the uncertainty 
in this impact point and time and the associated, population 
hazard; and third, apply previously established mission rules to 
help establish a NASA .headquarters "veto" or approval of' any 
proposed maneuver. Decisions were to be based -largely on the 
initial values- of the population hazard, o.n the predicted 
revolution of impact and-. the reduction of that hasard afforded, 
by implementing a maneuver to alter the aerodynamic drag on the 
vehicle and thus shift the revolution of imp.act. Ground rules 
for implementing the maneuver were; (1) if the predicted 
revolution of reentry was such that a substantial reduction of 
risk to the world population occurred the planned maneuver would 
be implemented unless vetoed within a_pteset time; (2) if the 
predicted, reentry orbit population hazard was low. but the- 
predicted impact point (and its associated footprint) endangered 
a populated area,, approval was required to implement-a maneuver 
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ir.ziliu\.r.s lha!:‘*L4ii“V ^r"‘^- 

r‘pi?5ti?s^Su^h“?hL. „;ssrcenbi°Lrb 

Thir%staMlsher\r'^ the footptint) was eente?ed L wSU^^ 

nnL «l‘« aliens P«cin!j^Se?:rj:in:f?hT'™““ 

dur;»<- i‘r>M a «i p*.cv,xoej.y aecermined tne maneuver time and 

iSpfemen^ the mfJeuier'S^ou^ ""r be made ?o 

overruled by NASA Headquarters For i-h2 r unless 

approval. In the. aetnal situation, tS?f ?hf precedSIre^s^d!. 

t°%4"^'na°W?ement1hl°finarm;^L‘SI^ 

of final impact wL Se ?-24 determination 

fia1la^!e-fr- d£Xl ol^in^E ^ . 

were determiLd mL inertial and TEA attitudes 

performed durijig* the decay orobject #S64r^thrsionif 

the phenomena of tran«?lMnn significance of . 

aerodynamics was°estabHl^ed?" ”°l^dular to oontinuons ' 

«mpa?fr\“”thr?- 2 rh*'°" vectors as 

impact of +25 min{+l/4 revolutionr ^^n^^^i^^®^ uncertainty of 

time to inTtia?ri;e^tu;bU*was°^iec?er^r puS ‘"j 

point within the +1/4 rAvoin^,"^^ • ? .Place the impact 

Atlantic -based on the T-24 houJ iprX.r 

7:45 GMT July 11, 1979.. otor. The time selected was 


9.1.2 


Results 


loSg!tud’e'^f"?mpac? lappjoximftefy ?f|"d'o£ Jh^lioJor %?Sm 
72 hours prior to impact until 1 hour ^?ior to impa^?! PioJ?; 

ascendinrnode''tor?he"«volu^ion'of impi^L^^°evil‘uf«‘’^Ms 
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WBtE 9-1 all data IS FOR IMPACTS OM JULY-ll, 1979 


msec calculations 


Time of. 

Estimate 

(hours) 

Time 

Decay 

(GMTL 

LAT 

(deg)„ 

T-72 

15:06:51 

0 nan 



y s 

T-48 

13:53:20 

4.5 N 

T-42 

13:55:01 

10..0_N 

T-36 

15:06:49 

37.8 S 

T.=:30 

14:49:50 

- 40. 3 .S 

T-24 

15:27:30 

23.2 N 

T-1 8 

1-5:52:15 

84 ..6 N . 

T-12. 

15.: 50 : 12 

39.5 N. 

T^9 . 

16:31:28 

44.2 S 

T-7 

16:33:.03 

41..0 s 

T -6 

16:35:04 

36 _4 S 

T-4 

16:37:39 , 

29.6 S . 

T-2. 

15:42:16 

— -16.1 S 

T-1 

I 64 52 ; 44 

16.7 N 


d.o.y^_^ 

LONG 

(deg) 

139.5 E 

201.1 E 

205.3 E 
1-38.2 E 
47._a„ E 

194.3 E 
311. a E 
304..1 E 
102 _7 E_ 
110.^ -E 

118.1 E 

127.2 E 

140.4 E 
1 6 d, 2 E 


T-1 






data, note that a 22. 2. degree- delta, in node results in a shift 

®® minutes. On the right is shown 
1 Q 7 Q predictions were made starting with June 25, 

11 ^^* 1070 ^ predicted the impact revolution to be on July. 

^ but varied from +4 to **2 revolutions unhii ♦•he 

were^°^iihhir‘^®+?” subsequent at which time they 

sasentlliiv L . The - impact pcediotion was 

essentially on the correct, revolution from T-24 hours on. This 

corresponded to the ''best” possible revolution of impact denoted 
fnfa? index. The hazard index is the ratio of the 

total population beneath a certain orbit to that lying beneath 
the revolution, of maximum popul.ation. . ' ’ 

Figure 9-2 shows the impact predictions based on the. baseline 75 
to predictions that resulted from the decision 

to tumble early_ (81 n.m.) for the T-24 hour, T-.18 hour, and T-12 

predicted impac? 
baseline 75 n.m. tumble (with uncertainty) 
toward the U.s. and Canada. These data points are 

spread from the Pacific OcLn (10. min 
mir f«m i ®hst coast (about 5 . 

foStorint (3500 rr hT®a’-.v, into, account the debris 

rootprint (3500 n.m. behind these pornts), this indicated a 

relatively large populati.o.n area had a. high probability of being 

After the planned mane-uver, the- 
(T-24 T^18 ?^12? shif-ted to the Indian Ocean 

imoact ® flight probability of aa Australian 

impact.. Additionally, the population density over that portion 
of Australia was very low indicating that if. an overshot 
occurred there would. Jse very little risk to the population. 
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POST PLIGHT ANALYSIS 


9.2.1 „Reconstruction Procedures 


Data has been analyzed to reconstruct a best estimate of what 
actually occurred based on observations after, the decision was 
made to tumble at 81 n.m. and what possibly would have occured 
if the tumble had been postponed until the 75 n.m. altitude had 
been reached. The reconstruction procedure. for Skylab decay was 
complex due to the extreme sensitivity that very small 
deviations, in the_observed data has on moving the impact point 
by a large amount. The data (and. uncertainty) and sources used 


for 

this analysis were as follows: 

- 

0 

Actual Solar Data (+25%) 

NOAA 

0 

State Vectors Based on... Tracking 
(+2, n.m.) 

NORAD 

0 

Special Altitude/.Time 
Observations 

NORAD 

0 

Range/Elevation, Telemetry (+2 
n.m) 

Ascension Tracking 
Site 

0 

. Time of Tumble. 

NASA 

0 

Predicted Aerodynamics and 
Breakup Sequence 

NASA 


Small uncertainties were associated with the preceding data. 
For. example, the actual solar, data .was an estimate by NOAA. of. 
th.e final aolar data which was not available at the. time the 
analysis was. done. If the data changed by 5.% a - three to five.. 
minute change in the. impact time could occur. Anather example 
wauld be to consider the state vector as. being off. slightly (2. 
n.m.) in altitude then up to a 1.0. minute variation in impact 
time could occur, similarly with the special observation, and 
range/elevation data. Fur.ther. in the case of the T-24 hour 

prediction, a 1% variation in predicted aero.dynamics_o.r-. breakup 
altitude could easily change the. impact point by up to 10 
minutes. Finally, it was impossible to separate these • errors? 
therefore, no sin gle data base will give the .same impact points 
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when run from eaoh of the different state vector's. The analysis 
was -based on the follixwing assumptions? 

0 Use of estimated . solar data 

o The altitude history as observed should fit reasonably 
well with the reconstructed predictions, 

o All orbital workshop (OWS) solar array system, (sas) 
arrays were intact at Bermuda. 

o The OWS SAS arrays were broken before Acquisition of 
Signal at. Ascension . 

The Skylab breakup , scenerio was as follows: . 

0. The OWS SAS array (aerodynaraically ) , of f .at .62 a.m. 

o The ATM separates from the .remaining OWS at 54.n.m. 

o ATM SAS arrays soparate.-f rom the vehicle between 
54 to 50 n.m 


o ATM. and OWS_bxeak up at 42 n.,m.. 


9.2.2 


Results 


■ from T-24 to T-9 
However., from .. T-7 
be considered. The 
the revised breakup 


An analysis wiSs conducted to determine the ^ •, 

of each- Of the. attitude cOnfia^?«?fen^ ^ •^®^ated BC 

required to match the observed^dat^^ impact points 

of the t.evis6d breakup Sence S' however, the effect- 

depicts the rationale for^tMo .evaluated. Piq.ure 9-3 

the timeline showinSthe^ times when^®^^’ ^PPe^ portion is 
obtained. There are three vectors were 

be considered: high drag T12lP^^^t^mhf which .had to 

“=toJ.s ''■'V 

T°7 =nd*b“"kJrneed^r;o 

selected and the effect of 

the breakup sequence further these r^aesSf^^ cheeJ< 

sequence and the draa ooo?f,-o- f used for. the 

The results of these cases are^shown^f each element, 
solid, dots. As expected JL!. ^ denoted by 

other than had.been estLated^from closer to, each 

moved uprange from an impact north'^^of-'^fh^^ vector 

northeast tip of Australir' ?m ^ ®<?^ator to the 

estimate of the -tumble drag coefficient"fid^fh^ ^5® revised 

sequen.ce -fit quite well. J and_the revised breakup 

remaiLd'^Sas^to'^'adjust*^the^Tin^ hiSh sequence, „all that 

the T-12 hour vector. Jh! Irf: coefficient. Ueing 

These results are shown in ~^Pigurr^9-r*^aaair by .1/2%. 

impact extremely close to tho ,. i ■ resulting in a 

hour vector and compariag. favorably with'"airo?h^?’' 

effects of these analvsii ran k« w.ith all other vectors. The 
results shown ‘he real time 

prediction provided the best cor^lflMSn vector, 

observed data, the baseline bhe 

T-7 hour vectcr resulting in the folloSi^g : derived . with the 

Time of ''Impact..- 16:37:2.8 GMT- 

Longitude_„,. - 132 Deg East 
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NORAD VECTOR DESIGNATIONS 
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ot reoon%"SrS«:d"p?e“5fc?Io„s*?^f?' set 

each other. The altitude fit is shn^n^? a quarter revolution of 
vectors, T-24? T-12 and i -9 three 

observed altitude. * data was very close to the 

would^hJvrbeenioJ^thrT- 2 rVir^a 5^! points 

baseline 75 n.nt. (lioi GMTi tu^hi^ k Tl ^tate vectors if the 
results are shown as ciear cireiss^in initiated. These 

9-4. These reconstruction if the ilann^?!"^ 

appear to center about a latitn® ^ n.m., tumble now 

notth. Also shown ate estimajofot whe?e'’'?Sr^J® 5 '' aegrees 

impact. predicUons would have been As hour, 

predictions are as far nnran«a u — oan . be seen the... 

latitude. with the extraniation^n degrees nor.th . 

shows that, a significant Drohshn?^ footprint this, 

impact still in'i^ed aff^ ® States/Canadian 

reconstructed T-7 hour *^^^onstructian. The 

and T-4 hour cases all show^siinif the estimated T-2. 

United States and C^ada t^s^ amounts of debris in the 

estimated -uncertainty of *+ 1/4 are all -well within the 

cause Of Skylab'lJlpnttng^niwn nniH 

?ehiiir®(Jr expir^i^el bf^i^ 

real time data, the dL?n^n ^ it actually was.. Based on 

waiting until 75 n.m. was correct whin™th« 

used in-4i,sking the decision warconsI3ereI. °“'’°'' 


9.3 


^PACT FOOTPRINT ANALYfi j s 


analysis n^kylab Lbris'^'^ ^This"*^analv’^*^^^^^® footprint 

following data; This analysis -was based on. the 

1. Special Per.t Vector at T-2 hr. 

Altitude at Ascension overflight, = 5.7 n.m. 
(elevation, range derived) 

OWS arrays still attached but aerod.ynamically off 

(i.e.. folded -back or dangling at 62 n.m • all 
arrays off at 54- n.m.) j ^ n.m.,, all. 

Special altitude observations by NORAD 
Location o.f pieces in Australia 

deg?ees’^"s?..''‘''^^'“ «®'5'“=-South,. 125.3 


2 . 

3. 


4. 

5.. 
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bt Water Tanks at 33,8 degrees South,„122.05 _ 
degrees Best 

c. Heat Exchangers at 33,75 degrees South, 122,1 
degrees Eas.t - 

As shown in Figure 9-6, this footprint extends from 46»9 degrees 
South 94,4. degrees east to 26,0 degrees South, 131,2 degrees. 
East (about 2140. n,m,). Figure 9-7 provides additional detail, 
of the. footprint showing the location of p.ieces which- were 
found and identifying where major elements. are predicted to_be 
located. The OWS/Cluster and AM pieces are centered around 32 .. 
degrees South, 124 degrees East, and. the ATM. pieces are 
predicted to be centered around 28.5 degrees S.outh, 128.5. 
degrees East. The observed impact footprint compared favjorably 
to that predicted at the T-2 and T-4 hour impact ., predictions 
times and was with.in +1/4 orbit of .all prediciions made, from 18 
hours to-gn.e-ho.ur„.pr ior to impact. 
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.9^.^|OE.to 26°S. m.lOE . 

21^0 nmi-(2^50 statute mi) 

ARRAYS OFF AT 54 NMI 
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MAR OF FOOIPRINT 
FIGURE 9-6 




FIGURE 9-7 DETAILED MAP OF FOOTPRINT 


10.0 


MISSION OPERATIONS 


10.1 INTRODUCTION 


Skylab systems, needed- constant attention if the reactivation 
mission was to be successful. In arder to accomplish this, 
frequent communication. with -the vehicle was necessary in arder 
to check the status of onboard systems, and to reconfigure 
and/or modify their operation as required. In Order. to 
accomplish this, a mission control Center_was established at the 
L. B. Johnson Space Center (JSC) in Houston, Texas, and. a 
mission support center at the Marshal.1 Space Flight Center in 
Huntsville, AIaba.ma.-. 

In addition, s-ince mission support computer programs at MSFC 
were already predicting Skylab's decay, which essentially 
involved predicting orbital parameters, it was logical that this 
capability be extended to prov.ide mission operation tracking,, 

site Coverage and navigation. update, data to flight controllers" 

at bath MSFC ..and JSC. 


10.2 OPERATION 


The JSC operation Center was manned 24 hours per day, seven. days 
a weeX, from June 1978 until .splashdown July II, 1979. The MSFC 
suppo.rt center was manned in. a similar manner except for. a 
period from the February 1, 1979, to May 13, 1979, when the 

vehicle . was under SI control and only normal working hour 
support was required from MSFC.. 

E.ach operation center had CRT displays of pre-selected data on. 
special formats. Two consoles monitored guidance, and navigation 
data at JSC while one. console monitored- this data at MSFC. . The 
data was hardcopied off the displays and used .ta determine the 
health, of'the various systems.. In addition, the displayed data 
contained ATMDC command data such that computer commands could 
be checked in realtime before being executed into the. computex 
software... Figures. 10-1, 10-2, 10-3, and 10-4. ar.e typical 
guidance control and navigation data displays. In addition to 
these displays, JSC had one console to monitor vehicle, power and 
one console to monitor the vehicle command and telemetry system, 
while MSFC had one console-whose prime- responsibility was. to. 
monitor. both the power and communication systems of Skylab. 
Typical CRT displays of this data are shown in figures 1 0- 5 and_ 
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means. where planning, and 
discussed prior to 


10.3 


OPERAT IONAL SUPPORT 


inte?pJl?ation ofTta reqSuefto ke?p the''®-kvlab'T‘°?' 
were generated (or every SkytlS orbl?'. °E dos) 


10.3.1 


Track .Ing Stat ion Gover<ag^e 


A computer program was developed to nrr,Hi,n« =. t.*. .. 

produced for each nf «;icviaK*o ^ circle chart was 

one. station pJss. Thesf contained at least 

u'pdate;:1nd 'any otSr'l;pnS“eJpp“n™J« 


Sta.tion. coverage was especially important duri 
±??^ fy^b's attitude since theL changes we 
a?Mjn5!f the tracking Stations. . Alsi the' 

attitu^s t-equired constant monitoring and ad i 
the vehicle under control and the el.ctrica 
adequately charged., Pot., this reason Vtottl 
stations were used to- give a minimum coverage 
pass per. orbit (figure 10-8),. The stations vJhic 
Ascension, Bermuda, Goldstone, Madrid, and S.->nt, i 


ng attempts to 
CG. initiated and 
various Sky lab 
ustments to keep 
1- power system 
of five tracking 
of one station 
h were used wor-e 
ego, Chile.. 


360 


CIRCLE CHART 

i ; 

STATION ACQUISITION PER IODS FOR SKVLAB 

TIME OF NORAD ELEMENT SET 11 MBs 31 GMT 

7- 1-79 

DftTE 7- 2-79 (FIRST AOS) 
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10 . 3 , 2 . 


Navigation Updates 


data ~ was continually being generated and updated 
based on vehicle state vector information received from the- 
North American Air Defense Command (NORAD). Updates were 
produced at specified times during Critical mission periods and 
on an as needed basis at other times. A navigation update for. 
Skylab meant that the actual time of orbital midnight (TMID) was 
being updated. This was required because orbital drag shifted 
TMID which was not modeled by. the onboard computer. The actual - 
TMID was required to maintain correct, vehicle. attitude. 
Techniques of biasing the orbital period wexe developed which 
allowed the navigation update to be done, at reasonable time 
intervals. This was especially important near..the end of the 
mission_when navxgatioti updates would have been needed every 
couple of orbits which would become difficult since station 

coverage was deteriorating, rapidly duQ-to Skylab's low orbital 

altitude 


Once It was determined that a navigation update was needed, a 
site was picked using the circle charts at which the update 

onboard computer. A Skylab tracking vec±or 
from NORAD was then projected forward in time to the midpoint of 
the pass over the chosen site. Figure 10-9 shows the data which 
was Bent to the flight controllers at JSC who converted it to a 
rorin to be, uplinked to the onbo.ard computer. The fliqht 
controllers calculated a new TMID and a correction (DMID) to Le 
onboard TMID and the DMID was actually uplinked to the computer. 


^■pritrol Scheme and Power System Management Updates 


Control, scheme parameter . updates were generated on off-line 
computers at MSFC and sent to JSC for implementation in the. 
vehicle. Finally, power system x3ata was. carefully plotted for 
Skylab attitudes, and discussions between MSFC and. 
JSL led to agreed upon battery, solar array, and voltage 
regulator configurations of the two vehicle powex systems. 
Detailed, system operational problems are discussed elsewhere in 
this document, under their p.articu.,lax._system section, 


NflUlGftTION UPDATE DATA 
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FIGURE 10-9 

TYPICAL NAVIGATION UPDATE 


11.0 


-SUMMARY AND CONCLUSIONS 


11.1 — Conclusions 


The performance of Skylab systems exceeded all expectations 
during, the primary Skylab Mission and particularly during the 
Skylab Reactivation Mission. When Skylab reentry occurred on 
July 11, 197-9, the. Skylab systems had successfully supported 
15960. hours (665 days) of .powered flight operations of which 
94.32 hours (393 days) followed a 4 year and 30 day period of 
passive on-orbi.t storage. During both the primary and 
reactivation missions, many Skylab system were required. to 
operate, in modes never intended by its. designers- and to 
accomplish -tasks dictated by unforeseen events. 

The Skylab Reactivation Mission offered NASA a unique 
opportunity to evaluate complex power generation, mecKanical, 
computer and environmental control systems after having..been in 
a space, environment for over six years. Farther, these systems- 
were in orbital- storage, for over, four of the six years in a 
uncontrolled space environment before being reactivated in_March 
of . 1978. System, degradation, was deter.mined_to. be. minimal. 

After Skylab Control waS- regained in June of 19.78. at an altitude 
of 218 nautical miles, it- was essentially maintained under 
control to approximately 80 nautical miles before the. .vehicle 
was allowed to, tumble. This, permitted an opportunity to compare 
the predicted aerodynamic .environment through which the. vehicle 
transcended (218 n.m.. to 80 n.jn.) with the observed 
aerodynamics. Very little data of this type was available prior 
to the time of the Skylab transition. It is felt that this data 
will s.ignif icantly increase the impact ored i ct ion accuracy of 
future .space objects. 

Finally, unique control schemes were developed (EOVV and TEA) 
which enabled Skylab to fly through the gravity 
gradien.t/aerodynamic torque transition r.egion. Torque 
equilibrium, points, were discovered where gravity gradient and 
aerodynamic torques balajiced... At these, points very little 
vehicle control authority was required to maintain, control.. 
Moreover, vehicle orientations at these points -were such-that 
one could choose attitudes exhibiting high or low vehicle drag 
characteristics. By modulating, between these orientations the 
rate, of vehicle descent could be increased or decreased , forcing 
it into an impact, orbit which was. characterized by a low 
population density. 
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